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I. INTRODUCTION 
The Ballantrae Igneous Complex occupies some 45 
square miles of country in the south of Ayrshire (see figures 
1 and 2). The previous mapping was accomplished by A Geikie 
J. Geikie, Young and Peach about 1865-6 and the Geological 
Survey one-inch map (Sheet 7) which includes the area was firsi 
published in 1867. After revision by A. Geikie, Peach and 
Home, it was republished in 1898, and a third edition without 
further revision appeared in 1926. 
The area of country occupied by the complex is 
easily accessible on the west from the Girvan-Ballantrae coast 
road, and on the east and south from the Girvan-F'inwherry-
Ballnntrae road. The more remote parts of the area may be 
approached by means of secondary roads which run from Gamna-
burn to Lendalfoot and from Pinmore to Lendalfoot. 
The undulating moorland to which the rocks of the 
complex give rise (see figures 7, 8 and 9) has a low relief. 
Those parts of the district floored by serpentine seldom rise 
above 500 feet; those floored by spilite have an average 
height of 600 feet above sea-level and never exceed 900 feet. 
The hills both of the serpentine and spilite belts are charac-
terised by long gentle inclines and, like the moorland from 
which they rise, are largely covered by grass. Although the 
spilite tends to form more craggy country than does the ser- 
pentine / 
2. 
serpentine, large rock exposures are rare throughout the dis-
trict except in the coastal regions. Here, the country under-
lain by serpentine is low-lying while that underlain by spil1t 
rises into magnificent rugged cliffs. 
In describing the drainage system of the district 
(Bee figure 1) the writer cannot improve upon the words of 
Archibald Geikie (1869): "Two leading systems of valleys 
are exhibited on the present map [Sheet 7.] The one runs para-
llel with the general strike of the Silurian formations, that 
is, north-east and south-west; the other crosses the inter-
vening ground transversely in a general north-west and south-
east direction. The former, or longitudinal series, is seen 
in the dominant valleys of the Girvan, Stinchar and Glen App 
to the latter, or transverse series, belong the numerous 
tributaries which flow from either side into these streams 
000*00000 	 There can be no doubt ..... that the strike of the 
rocks has guided the course of these longitudinal streams, and 
determined the parallelism of all the longitudinal valleys. 
The transverse valleys ....... bear little or no reference to 
the geological arrangement of the rocks beneath them". 
The rocks of the Ballantrae Igneous Complex consist. 
mainly of Arenig spilitic lavas together with their associated 
agglomerates / 
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agglomerates and serpentine. With the serpentine are asso-
ciated numerous dolerite, gabbro and granulite masses. The 
complex as a whole forms the lowest part of the Ordovician 
System exposed in the Southern Uplands (see figures 1 and 2). 
Towards the south the rocks of the complex are 
bounded by sediments of the Tappine Group (believed to be 
Caradocian) which are downfaulted against them. Northwards 
and eastwards the boundary of the complex is sometimes marked 
by faultE. Generally, however, in those regions the complex 
is overlain unconformably by sediments believed to be of 
Caradocian age. The strike of the rocks of the complex, 
like that found throughout the Southern Uplands, is north-east 
and south-west. The dip of the beds in the area studied by 
the writer is to the south-east or south-south-east. 
II. / 
4. 
II. PREVIOUS WORK 
The earliest reference to the Eallantrae Igneous 
Complex and its associated rocks is to be found in iTicol's 
"Guide to the Geology of Scotland" (1844), where it is stated 
that "North of Ballantrae, a mass of dark green serpentine, 
traversed by threads of asbestos, appears among the greywacke, 
associated with diallagic rock", and with regard to the nearby 
limestones of the Stinchar it is added that "In Colmonell 
parish .......... limestone is very abundant but perhaps be-
longs to a secndary formation which commences to the south of 
Girvan, though the exact limit is not visible". 
Subseouent].y, Carrick Moore (1849) worked on the 
limestones. He recorded in his paper five separate outcrops 
including those in the quarries at Pougang, Craigneil, and 
Daijarrock, all striking in the same direction --- north-east 
to south-west --- and noted that they contained Lower Silurian 
(Liandeilo-Bala) fossils. The nearby serpentine he believed 
to be intrusive in the New Red Sandstone, 
In the following year Sedgwick (1850) correlated the 
South Girvan Group comprising the above mentioned limestones 
and their associated conglomerates together with the rocks of 
the Ballantrae Igneous Complex which form the plateau between 
the/ 
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the Water of Girvan and the River Stinchar, with the Bala and 
Coniston Limestones. The strata farther north he correlated 
with the older Liandeilo Limestones. 
Sir Roderick Murchison (1851), who was mainly con-
cerned with the structure of the area and the age of the rocks 
made the next contribution to the geology of the district. 
He recognised the presence of eruptive rocks and was the first 
of many geologists to compare the rocks of this district with 
those in the neighbourhood of the Lizard. "A very large 
portion of the coast from the conglomerates of Kennedy's Pass 
to Ballantrae is occupied by eruptive rocks, consisting of 
greenatone and porphyry, with much diallage and serpentine 
which reminded me of the serpentines of Coverack Cove 
in Cornwall". He showed from their fossil assemblages that 
the various limestone outcrops were of the same age and con-
cluded that "together with the schists associated with and 
beneath them they form the lowest band of the Lower Silurian 
group of Ayrshire". Finally, he maintained that "The lime- 
stones of the Stinchar are, therefore, to be considered simply 
as insulated masses of Lower Silurian, which have been forced 
into their positions along sharp anticlinale, assisted by the 
action of the copious igneous rocks, which have disjointed 
them from the conglomerates sandstones and schists of the 
Girvan / 
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Girvan district. It is fair, therefore, to infer that the 
protrusion of these limestones with their underlying schiste 
marks two other sharp undulations or anticlinal lines. Thus, 
in prolonging the strike of the Bogang rock, it is found to be 
coincident with the Aldearis quarry and the whole course of the 
Upper Stinchar above its junction with the Assell, whilst the 
anticlinal of the Craig Neil limestone coincides with the 
course of the Lower Stinchar from Pinwhirry Castle to the sea'. 
Here the position remained until James Geikie, then 
an officer of the Geological Survey of Scotland, published a 
paper "On the Metamorphic Lower Silurian Rocks of Carrick, 
Ayrahire", 1866. Geikie claimed that the vast majority of 
the Ballantrae rocks which he described as amygdaloids, por-
phyries, diorites and serpentines, were highly metamorphosed 
Lower Silurian (Ordovician) sediments, and asserted that he 
had discovered passages between the various types. However, 
while he considered that "The interest which is attached to 
the altered strata of the district chiefly consists in the fact 
that thEy exhibit certain stages of arrested metarnorphicm", 
he admitted that "The resemblance to trap which many of these 
rocks exhibit is so striking that it will perhaps be difficult 
to convince a geologist who has not minutely examined the 
ground for himself, of their true character". Regarding the 
relations / 
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relations of these "altered" strata, he showed that while 
their northern limits were extremely irregular and were con-
fused by faulting and overlapping of the Old Red Sandstone, 
their southern boundary was well defined by a long wavy fault, 
downthrowing to the north, which ran from Glendrishaig near 
the coast in a north-east to south-west direction as far as 
Pinmore (see figure 2). Thus, he believed that the "meta-
morphic strata" occupied a somewhat higher stratigraphical 
horizon than the unaltered greywackes to the south of the 
fault. TTotwithstanding his mistaken interpretation of the 
genesis of the Ballantrae rocks, Geikie's descriptions of them 
are very accurate, having regard to the fact that, at that 
time, the petrological microscope was not in general use. 
One has no difficulty in identifying his "amygdaloids and 
feldspar porphyries" with what were later described as dia-
bases and diabase-porphyritea, or his "brecciiform rocks" 
with what are now called tuffs and agglomerates. The "transi 
tione" which he claimed to have discovered were, in reality, 
nothing more than variations in texture among the lavas pre-
sent. The "breccifform rocks" he regarded as highly meta-
morphosed conglomerates. Fe identified two types of serpen-
tine, foliated and unfoliated, and considered that they were 
interbanded with the "dioritic rocks" - diorite, hyperite, 
diallage-rock / 
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diallage-rock and syenite - the foliae, where present, cor-
responding to the original bedding planes of the magnesium-
bearing shales or impure dolomitic limestones from which he 
supposed these rocks to have been formed. Further, he showed 
that although in some places the junctions between the dio-
rites and serpentines were well defined, "in other places, 
where the latter Idioritej is fine.-grained and highly magne-
sian, it passes so insensibly into the former [serpentine] 
that we are frequently at a loss to tell at what i)oint we 
must cease to call the rock a diorite and where we ought to 
describe it as a serpentine". 
This paper aroused a considerable amount of contro-
versy. 	urchisori (187) refused to accept Geikie's views in 
their entirety, c'risideririg that from their composition and 
structure at least some of the rocks must have been eruptive 
and that they had also played a part in disturbing the lime-
stones of the Stinchar area (see Murchison, 1851). 
Forbes (l?67) too severely criticised Geikie's 
conclusions on chemical, mineralogical and petrographic 
grounds. It should be stated here, however, that many of 
Forbes' criticisms, particularly with regard to the chemical 
reactions involved, have recently been shown to be ill-founded 
by the researches of Reynolds and many other geologists on 
the granite problem. 
Despite / 
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Despite these adverse opinions, however, Geikie's 
interpretation was again expounded in the Geological Survey 
Memoir, "Ayrshire: South West District", published in 1869, 
and in the official. "Descriptive Catalogue of Rock Specimens" 
published in the following year. Thereafter, until 1878, 
this interpretation of the genesis of the Ballantrae rocks 
seems to have been generally accepted. for it is quoted in 
several text-books of that period, for example that of Green 
(1876). 
However, Bonney (1878) proved that Geikie's conclu-
sions were largely erroneous. Apparently Bonney had always 
been doubtful regarding them, and his scepticism was increased 
when, as he writes, "Allport showed me some specimens of ser-
pentine from the vicinity of Colmonell, and expressed grave 
doubts as to the correctness of Dr. Geikie's reading of the 
petrography of the district. One of these specimens could 
not have been distinguished from a variety from the Lizard" 
(see Bonney. , 1877). He therefore decided to study the nature 
and relations of the rocks for himself, and after considerable 
field and microscopic investigation reached the following 
conclusions: - 
That the serpentine was intrusive, was typically 
an altered olivine or olivine-enstatite rock, and was 
probably of Carboniferous age. 
/ 
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That the Lenda].foot shore section showed that 
gabbros of two ages were presEnt, both younger than 
the serpentine, the older gabbro being highly dia.11aglc. 
That the porphyrites were true igneous rocks 
and probably remnants of lava flows, possibly of 
Middle Old Red Sandstone age, and that they were 
associated with tuffs and agglomerates. 
That several of the "Dioritic Rocks" into which 
the serpentine was intrusive, were also igneous and 
that they contained amphibole, not pyroxene, and 
would be better described as dolerites and basalta. 
That other "Dioritic Rocks" however, appeared 
to be metamorphosed stratified rocks. 
That there were also some doleritic and basaltic 
dykes, probably of Miocene age. 
"That Dr. Geikie's conclusions as to the non-
igneous character of the rocks of this district are 
unsupported by either etratigraphical, petro- 
logal ic, or lithological evidence, the proofs of in- 
trusion being remarkably clear nd indubitable, so 
that this district must be removed from the list of 
those which have been supposed to favour the produc-
tion of pseudo-igneous from stratified rocks by 
selective metamorphism". 
Later in the same year, and again in 1882, Lapworth 
gave indications that he believed the igneous rocks of the 
al1antrae district to be of Lower Silurian (Ordovician) age, 
his criterion being that fragments of the volcanic rocks 
(which he recognised as having been metamorphosed) appeared 
as pebbles in and were therefore older than the Kirkland Con-
glomerate of early Caradocian age. Thus he was led to the 
conclusion that the Ballantrae rocks were the Scottish 
representatives / 
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representatives of the Arenig and Lower Liandeilo volcanic 
rocks of Wales and the Lake District. Lapworth also thought 
that the serpentine was of post-Girvan (post-Liandovery), and 
possibly of post-Silurian, age. 
It should be noticed here that Archibald Geikie 
(1860) had, many years previously, discovered the occurrence 
of much volcanic detritus in the greywackes and conglomerates 
of an adjacent area of the Southern Uplands, but without 
realising that the source of the materials was so near at 
hand. 
Reference to Lapworth's continued researches was 
made by Jukes-Erowne in 18,86 1 and three years later Lapworth 
(1889) published his classic paper "On the l3allantrae Rocks 
of the South of Scotland and their place in the Upland 
Sequence" in which he finally proved, from the discovery of 
zonal graptolites in the black shales intercalated among the 
lavas, that the lntter were indeed of Arenfg age. 
The next great advance in our knowledge of the area 
came with the publication in 1899 of Peach and Home's work, 
supplemented by Teall's notes on the petrology, in the 
Geological Survey Memoir, "e Silurian Rocks of Britain: 
Vol. 1, Scotland", in which the rocks and their structures 
are described at considerabIg length. Some of the results 
of! 
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of their re-survey were, however, recorded somewhat earlier by 
Sir Archibald Geikie in his "Ancient Volcanoes of Great Bri-
tain" (1897) where,it is worth noting,some of the rocks were 
likened to those of the Highland Border Series. 
Peach and Home discovered that in the area to the 
south of the Stinchar the Arenig pillow-lavas (which they 
described as diabases and diabase-porphyrites) and tuffs, 
with their associated radiolarian cherts and mucistones, are 
overlain, apparently conformably, by the Glenklin (Caradoclan) 
mudatones. In the area to the north of the Stinchar the 
Arenig rocks are separated, however, by a strong unconformity 
from the Kirkland Conglomerate (Caradocian) at the base of the 
Girvari succession. They showed that in many cases the rela-
tions of the interbanded intrusive rocks are obscure, many of 
the boundaries on the map (Sheet 7) being largely conjectural, 
partly because in many cases, as at Knockdaw Hill and in the 
Carleton Hill to Loch Lochton area, the boundaries are con-
fused by lines of movement, and partly because of the wide-
spread mantle of superficial deposits. It seemed to them, 
however, that the ultrabasic types (serpentine &c.) were the 
oldest intrusions - probably of pre-Liandeilo age - and that 
they were subsequently invaded by irregular dykes and veins of 
dolerite and gabbro with chilled margins. Other masses, 
including / 
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including gabhro, dolerite, diorite and epidiorite, often 
lenticular in shape and often granulitic or foliated, were 
apparently intrusive in serpentine but did not have chilled 
margins and were, therefore, likely to be differentiation 
products of the magma from which the serpentine was derived. 
As additional evidence in support of this view, Peach and 
Home cited the discovery of a rock-type intermediate between 
gabbro and serpentine; moreover, they believed that the rela-
tions of the rocks in the Dyne Fill-(rey Hill area pointed to 
the same conclusion. 
They described lenticular exposures on Littleton 
Hill as granulites possibly representing thermally metamor-
phosed diabase-porphyrites, while some similar exposures of 
hornblende-schist were thought to be dynamically metamorphosed 
epidiorites. Chemical analyses of some of the rocks were 
presented in the text. A few additional analyses are to be 
found in a paper by Mellard Reade (1900). 
Some ten to twelve years after the publication of 
the Silurian Memoir it was known by his colleagues that Peach 
had inferred a Pre-Cambrian age for the serpentine (see 
Baleillie, 1935). 
The results of further researches on the Littleton 
Frill rocks were communicated to the Glasgow Geological Society 
in! 
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in 1909 by Mort and Tyrrefl. Mort likened the genesis of the 
masses of granulite and hornblende-Echist to that of similar 
types occurring at Scourie (see Teall, 1885). He claimed to 
have discovered a passage from dolerite to hornblende-schist, 
and thought that the latter might have been due to dynamic 
processes. However, he noted certain anomalies - e.g. some 
of the granulites appeared to have been hornfelsed - which pre-
cluded the possibility that dyhamic metaniorphisrn alone could 
have been sufficient to account for all the observed phenomena. 
While Tyrrell agreed that the granulites and schists 
were probably developed from older dolerites and gabbroa, he 
considered that the chief agent involved was heat (cf. Harker, 
1891 and Allport, 1876), and that the dynamic effects were of 
a minor nature. He believed the granulites to be xenoliths 
of dolerite and gabbro caught up in and metamorphosed by the 
serpentine during its intrusion. Fe disagreed with Teall's 
opinion (1899) that the granulites might have been produced 
from diabase-porphyrites on the ground that the remains of 
former ainygdales (which Farker (1904) had shown to be persis-
tent even in the highest grades of thermal metamorphism in 
Skye) could not be found in the granulites. 
In 19321  Balsillie published the first of his several 
papers on the Bal1artrae Igneous Complex. From an exposure 
in! 
15. 
in Stockenray Bay, he showed that the spilites had probably 
been altered from normal labradorite-bearing lavas by hydro-
thermal action (cf. Dewey and Flett, 1911; Lewis, 1914: 
Sundius, 1930). He considered that the ultrabasic rocks of 
the region formed a banded complex and indicated that the 
Geological Survey map of the district required modification. 
Some of the masses lying within the serpentine area, particu-
larly those near '!il1enderdale, he believed to be composite 
intrusions, the components of which had been injected under 
different conditions, so that some of them were foliated and 
others unfoliated other banded and granulitic masses he 
believed to have been formed by namo-thermal alteration of 
olivine-gabbros and dolerites. In addition, he suggested 
that the peculiar rocks of Littleton Hill were "sheared and 
granulitised originally banded dioritic gabbros or dolerites" 
on the ground that "the remains of gabbroic or doleritic 
texture can frequently be seen". He did not think, however, 
that dynamic action on a large scale was probable, since 
there was no constancy in the direction of the structural 
planes. !oreover, the serpentine enclosing the masses had 
in no way been affected. He believed the reconstitution to 
have occurred immediately after the rocks had assumed the 
solid phase. He admitted, however, that Tyrrell's xenolithic 
hypothesis / 
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hypothesis accounted in a better way for the hornfel8ed 
appearance of some of these rocks. The schistose nature of 
the serpentine near its boundaries, particularly between 
Carleton Hill and Loch Lochton, he regarded as being due to 
shearing. 
Additional chemical analyses of some of the rocks 
were contributed in alsillie's paper. 
In the following year Pringle (1933) questioned the 
correctness of the age assigned to the serpentine and other 
Intrusions and advanced reasons for thinking a Fre-Caznbrian 
age to be more probable. He cited the following points:- 
That intrusion of the cerDentine into the Arenig 
rocks was not demonstrable in existing sections. 
That no metamorphic aureole had been developed. 
That considerable lines of movement had affected 
the serpentine masses and were nowhere to be found in 
the adjacent spilites, which must, therefore, be younger. 
Replying to these arguments, Tyrrell (1933) stated 
that in other regions of the world,serpentinea and spilites 
were found to be closely related both spatially and genetical-
ly, and that it was reasonable to assume that similar condi-
tions prevailed in this region, in which case both types 
would belong to the same general period of igneous activity. 
Further, the localization of lines of movement in the serpen-
tine might have been due to the softness and incompetancy of 
the! 
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the serpentine as compared with the epilites, and the absence 
of a metamorphic aureole to prevailing low temperatures 
though evidently the granulites of Littleton Hill had been 
formed by contact metamorphism, presumably by the enveloping 
serpentine. 
The hypothesis of a Pre-Arenig origin was given 
further publicity by ]3alsillie (1935) in a privately published 
paper, and again by Pringle (1935 and 1943) in "ritish 
Regional Geolo: The South of Scotland". 
J.G.C. Anderson (1936), after studying the bounda-
ries in some detail, maintained that at Plnbain shore the 
serpentine was intrusive into te renig rocks and was, more-
over, of igneous, as opposed to hydrothermal, origin. The 
absence of contact metamorphism he ascribed to the fact that 
the rocks Into which the serpentine was intruded were thorough 
ly soaked in sea water (of. Thi Rietz, 1935). He discovered 
no evidence that an unconformity existed between the serpen-
tine and the apilitea, and claimed that the schistoaity, 
which indicated the action both of heat and stress, of the 
serpentine and its associates in the Carleton Hill to Loch 
Lochton area could be explained satisfactorily as an effect 
of marginal shearing but remained an unaccountable coincidence 
If the boundary was an unconformity (of. Jehu and Campbell, 
1917! 
18. 
1917i Knyaston, 190). Anderson concluded that the spilite 
were extruded on the sea floor or intruded into a thin coverir 
of unconsolidated sediments, and that at a slightly later 
period the ultrabasic magma was injected beneath a roof of 
these materials, aerpentinization probably being contempora-
neous with solidification. Later injection of basic materia] 
gave rise to the younger gabbros and dolerites, the more acid 
rocks of the 3yne Hill-Grey Hill area being local differen-
tiates of the same gabbroic magma. Tectonic movements had 
meanwhile produced shear zones and local foliation. The 
albitization, saussuritization and serpentinization of the 
rocks he ascribed to the prevailing sub-aqueous conditions. 
This conception of the history of the Ballantrae Igneous Com-
plex Is closely analagous to that of similar regions in Scot-
land (Jehu and Campbell, 917), Ireland (Hartley, 1933-19357, 
the Alps (Steinmann, l9), the Apennines (Stabb, 1922), and 
Australia (Benson 1913-1915). 
The results of further researches by }3alsillie were 
given in a paper published in 1937 in Which he threw more 
light on the metamorphic history of the area and on the age 
of the rocks. He drew attention to the fact that at the 
Lizard doleritic and gabhroic intrusions have chilled margins 
with feldspars characterised by clouding of the type which 
Macgregor / 
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Macgregor (1931) had shown to be typical of thermal metamor-
phism. As no traces of thermal metamorphism cr'uld be found 
In the serpentine envirn1n7 the doleritee and gabhros, Pal-
silhie inferred that serpentinization occurred at a later 
date. He was led to the conclusion that "the whole southern 
belt of the Ballaxitrae peridotite and its accompanying in-
trusives must at some period have been subjected to contact 
thermal, or regional mrtamorT)hisnl. 	The granitic and syeni- 
tic veinings, and the abundant secondary genesis of biotite 
In many of the altered rocks suggest the proximity of some 
large uncovered acid intrusive mass". He also referred to 
the discovery on Prieston 711 and Tcnockormal ITI11 of brec-
ciated granite in association with other fragmental rocks. 
He supposed the granite to have been produced by hydrothermal 
processes from spilites or from amphibolised dolerites, in a 
fashion similar to that of rocks at Sparta, Oregon, which 
were shown by Cihluly (1933) to have "resulted from a late 
magmatic or post-magmatic replacement of the almost com-
pletely solidified diabase", where "the albitizing and sill-
cifythg liquors were in part, or entirely, guided by zones 
of fracturing and brecciatlon". Although Balsilhie did not 
find a complete transition from diabase to granite, as did 
Gilluly, he was able to show that in some places the spihite 
had/ 
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had been silicified. The accompanying fragmental rocks, 
previously considered by Peach and Forne () to be tuffs 
and agglomerates, Balsilhie believed to be due to concussion 
fracturing, since many of the fragments appeared to be only 
slightly displaced the nearby cherts in which no radio].aria 
could be found, he regarded as of hydrothermal origin. All 
these rocks, he claimed, were connected with great crush-
zones which he believed to have north-east to south-west ex-
tensions along the flanks of Prieston and Knockormal Hills. 
Since fragments of all these rocks occur in the Benan Con-
glomerate he inferred that they must have been formed in 
pre-Barr (pre-Caradocian) times. Regarding the age of the 
Pallantrae rocks, he produced the following evidence:- 
That there is a general north or north-west 
foliation in the serpentine throughout the area, no 
trace of which has been found in the Arenig lavas. 
That the serpentine-epilite junctions are often 
puzzling but are, in some cases, fault pianos. 	To- 
where could simple intrusive junctions be found. 
That in some localities highly recrystallised 
doleritic rocks lying withir the serpentine area occur 
In proximity to the completely unmetasnorphosed rocks 
of the spilite area. 
That some peculiar rocks, including cmara,gdite-
eclocrites, glaucophane-schiets and epidotic hornblen-
dites, similar to types found in .nglesey (reenly, 
]l9) must have been recrystallised under special con-
ditions (Harker, l2) and, since they are 1terbanded 
with the 1c1er en7rning serpentine, must indicate 
something / 
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something of the metamorphic histor7 of that coin-
ponent of the complex. Unfortunately no further 
work has been done on Lese interesting rocks. 
(5) That some of the pyroclastic rocks of :.renig 
age contain fragments of granulitic rocks (though 
not of types iriicated in (4) above) as well as un- 
metamorphosed fragments and, therefore, at least some 
of the metamorphism must have occurred in .n earlier 
part of the Arenig if not in Pre-Cambrian times. 
Sunning up the evidence Palsillie concluded:- 
VIBy this manner of reasoning I reach the conclusion that the 
serpentine, eclogites, glaucophane-schists and many of the 
gabbros and metamorphosed hypábyssalare of higher antiauity 
than the Arenig lavas". Fox and Teall (1893) had previously 
reached a similar conclusion with regard to rocks at the 
Lizard, Cornwall. 
This reasoning, however, was not sufficient to con-
vince nderson (1937), who maintained that the foliation found 
in the serpentine was not general but localised, and that as 
the spilite was considerably more resistant to dynamic action 
than serpentine, too much weight should not be placed upon 
this factor. 
Very briefly we may now summarise the conclusions 
reached by previous investigators. All are ageed on the 
following points:- 
The rocks of the complex are of igneous origin. 
/ 
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(2) The chief Cormon.er1t8 of the c uplex are: 
(a) spilitic lavas and agglomerates with which are 
associated bands of sed1rLe1tr rocks (chert, shales 
and mudatones) and (b) serpentine, with which are 
associated gabbros, dolerite&, yriu1ites and schists. 
() The spilitea and associated rocks are of Arenig 
age. The serpentine and its associates are of pre-
Caradocian age. 
(4) Many of the gabros and dolerites are intrusive 
into the ultrabasic component of the complex. 
Disagreement has been expressed, however, on many 
other points. As a result, the following questions are 
outstanding: -  
Is the serpentine intrusive into the spilites, 
as contended by Peach and }lorne(12), Anderson (1936) 
933) and Tyrrell (1, or is it older than he spilites 
as thought by :lsi11ie 
Are the granulites and echists metarnor1io6ed 
representatives of the spilitic lavas, as contended by 
Peach and Fame (l99) and r:reU (1931, or are they 
recrystaL.iseddole±ites and gabbros, as thought by 
oi (129), Tyrreli (1909) and B1s1l1ie (1932)7 
Are the ancestral rocks of the granulites and 
schists older than the ancestor of the serpentine, as 
cottended by Peach and Forne (1899), Tyrrell (1909 and 
1933), or are they intrusive into the ancestor of the 
ser)entine, as cortended by Eal.sillie (12:32)? 
Was the granulitization induced by thc ultrabasic 
rock when it was intruded, as contended by Peach and 
9 	 Oorn 	 r 	rd  123r), or was it 
caused by some other agency after the ancestor of the 
serpentine was intruded, but before serrentnzation 
occurred, as contended by Baleilhie (1937)? 
(cz 
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Did seroentinizationAoecur simultaneously with 
consolidation, as contended by anderson (196), or 
did it occur at a later date as thought by alsi1Ue 
(1937)? 
Are the fragmental rocks on Frieston Hill 
acrlomerates, as contended by Peach and Home (1899), 
or are they breccias associated with a crush-zone, 
as thought by Balsillie (1937)? 
Are the chalcedonic reefs on Prieston Hill 
radiolarian cherts, as contended by Peach and Home 
(199) 9 or are they of hydrothermal origin, as thought 
by Balsillie (1937)? 
III / 
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AD ITS RULTS. 
Owing to the great size of the complex the writer 
has found it necessary to confine his attention to an area of 
5 square miles in the region of Colmonell. Altogether 22 
weeks were devoted to field investigations - 8 weeks in April, 
July and August 1947, 8 weeks in April, July and August 1948 
and 6 weeks in July and August 1949. In all, some 500 spe-
cimens of the rocks of the complex were collected. Of these 
specimens 250 have been sectioned for microscopic examination. 
In the present investigation mapping has been 
carried out on the six-inch scale. Little modification of 
the Survey outline of 1898 has been found necessary (see 
figure 6), though the discovery of several new outcrops has 
necessitated minor alterations. It must be emphasized, how -
ever, In the words of Peach of Home (1899), that "owing to 
the mantle of superficial deposits, the boundaries of the 
respective igneous masses shown on the map are in some cases 
conjectural ......... 
The nature of the problems which have arisen as a 
result of the work of previous investigators has been sum-
marIsed,. One of the main purposes of the writer during his 
investigation has been to obtain information which would con-
tribute / 
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contribute towards the solution of these problems. In 
addition ; it has been his aim:  
Th investigate more fully tie exDoures of re-
placement granite on PHeston Hill first recorded by 
P1$i11ie in 1927. 
To determine whether or not the serpentines 
and spilites of the district furnish evidence bearing 
u:on the -­ robleTaE3 of peridctite intrusion and spili-
tization. 
To remedy the present deficiency in the litera-
ture of detailed petrografhic descriptions of the 
rocks of the district. 
Before presenting the evidence, the main concluslom 
reached in the ligh ,of thes obtained during the 
immt lnvestigation4may be stated briefly. The mutual age 
relations of the various components of the complex appear to 
be essentially the same as those occurring in petrographi-
cally and tectonically similar regions elsewhere. The 
ultrabasic part of the complex is shown in all probability 
to be intrusive into the spilites and to have been aerpen-
tinized after consolidation. The dolerltes and gabbros are 
clearly intrusive into the serpentine. The granulites are 
proved to be represenLativea of the same dolerites and gab-
bros which have assumed a granulitic texture due to the 
peculiar conditions under which they consolidated. The 
fragmental rocks and chalcedonic reefs on Prieston T7111 are 
proved / 
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proved to be agglomerates and cherts which clearly form part 
of a conformable secuence cirnllar to that ceen at Pennane 
}Tead. The aThite-grante--breccia on Prieston 1i is a local 
modification of the agglomerate. Th albite-granite frag -
ments are apparently not derived from spliltes and diabases, 




IV. STRATIGRAPHY AND STRUCTURE OF THE DISTRICT 
The first comprehensive account of the stratigraphy 
and structure of the area occupied by the Ballantrae Igneous 
Complex was given by Peach and Home (l99). The main area 
of the complex coits of five parallel belts which strike 
in a north-east and south-west direction (see figure 2). 
Three of the belts consist of spilitic lavas and associated 
pyroclastic and sedimentary rocks the remaining two, which 
intervene between the spilitic belts, consist of serpentine 
together with dolerites, gabbros and granulites. The most 
northerly area of spilites is about one square mile in area 
(two miles long by half a mile wide) and is well exposed on 
the coast south of Kennedy's Pass, four miles south-west of 
Girvan. Farther south a second belt of spilites (five miles 
long and a mile and a half wide) is well seen on the shore 
between Purn±'oot and Bennane Head. This belt stretches in-
land as far as Laigh Knockclaugh. It is separated from the 
most northerly spilite area by the northern serpentine belt 
(six miles long and a mile wide), and from the most southerly 
spilite area by the southern serpentine belt (seven miles 
long and a mile vide) which stretches from the coast south of 
Benriane Head to Iillenderdale. The most southerly spilite 
belt / 
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belt is the most extensive. It attains a maximum width of 
two miles and strikes inland from the coast for some eleven 
miles to Pinmore. 
The serpentine belts are characterised by a gen€ral 
north to south or north-west to south-east foliation trans-
verse to the strike. This foliation is not seen in the 
spilite belts. 
In many parts of the area the field relations be-
tween the rocks of the complex and the surrounding Caradocian 
sediments are obscured by drift. Where the relations are 
clear, the sediments are sometimes seen to be downfaulted 
against the rocks of the complex, while in other areas the 
sediments overlie the rocks of the complex unconformably. 
The relations between the spilites and the serpentines are 
more complex and are considered in a later part of this thesis 
(see p. 	'• 	In some places the contacts are planes of 
movement (Anderson, 1936). The only epilite area to be con-
sidered in this thesis forms a part of the southern most api-
litic belt, and extends over a square mile of high ground in 
the region of Prieeton Hill and Craig Hill, about one and a 
half miles north-east of Colmonell. Here the snilites are 
bounded to the north by the southern serpentine belt. The 
approximate position of the boundary is easily distinguishable 
in! 
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in the field,differential erosion having developed a scarp 
in the spilites on the south, and low lying ground from the 
softer serpentine on the north (see 'igures 7 1 8 and 9). 
The junction itself, however, is not clarly exposed, being 
generally obscure. by boulder clay, small screes and slumped 
soil. Where it can be seen, at a few points on the northern 
and north-western slopes of Prieston Hill it appears to be a 
fault. 
In the type area at Bermane Head (i-each and Home, 
1399) the succession is seen to be: 
Cherts and mudatones (with associated tuffs) 
Agglomerates and tuffs with a thin band of ) 
) 





(base not see 
In the Prieston P111 region a similar succession can be deter-
mined. Here, as noted originally by Peach and Home (1899), 
a thin band of black shale is exposed along the junction be-
tween the lavas and the agglomerate (see figure 6). It is 
poorly exposed but can be traced at intervals for a distance 
of 400 yards along the hillside between the 600 and 600 foot 
contours. Small lenticles and fragments of shale also occur 
in the agglomerate. As noted later, the agglomerate is suc-
ceeded by chert. The black shale is hard and has a baked 
appearance / 
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appearance. It splits readily along the lminae which, how-
ever, are sometimes only poorly developed. On fractured stir-
faces the shale is seen to be rudely banded, narrow fine-
grained black layers alternating with somewhat coarser dark 
grey layers. Although the available exposures were searched 
in detail, the writer, like previous investigators ) failed to 
discover any fossils. 
The outcrop of the shale follows exactly that of 
the agglomerate and this relation in the writer's opinion (see 
p.164 ) invalidates Balsillie's (1937) hypothesis that the 
agglomerate should be regarded as a fault breccia. The 
writer's examination of the outcrop satisfied him that the 
agglomerate is a true pyroclastic rock lying conformably upon 
the shale. 
The agcrlomerate outcrop is lenticular in shape, 
being about a mile long and having a maximum width of some 
300 yards. Its characters and relations are considered on 
P. 160 
Overlying the agglomerate, on the southern flanks 
of Prieston 7111 1 are four outliers of chert, the largest 
being some 400 yards long. In one exposure a narrow band of 
mudatone underlies the chert, In the field the cherts, owing 
to their superior hardness and resistance to erosion, stand 
out! 
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out as conspicuous knolls. They are tough under the hammer 
and break with n even fr!icture or aloir joint nianes. All 
the occurrences are fine-grained. 	Some are dark green in 
colour and have a resinous lustre resembling that of pitch-
stones; others are light green and have a sub-vitreous lustre 
Balsilhie (1932) has ctnpared the microscopic structure of 
the Prieston Hill cherts to that of the sideritic cherts of 
the Lake Superior region. It may be of interest, therefore, 
to quote a note concerning the cherts of the latter area 
(Van Rise and Leith, 1911): 'tchert, as defined in text books, 
is an amorphous, and hydrated variety of quartz, but in the 
field the term has been very generally applied to siliceous 
bands, ........... with little regard to their microscopic 
or chemical characters ......... 	They show ..... irregu- 
larity of texture, interlocking of quartz grains, and in 
places very fine grains. However, it can not be said that 
any of the so-called chert in the Lake Superior region has 
been found to be truly amorphous or hydrous". 
The same is true of the cherts of Prieston Hill 
(K,30). They consist largely of aggregates of cryptocrystal-
line silica in which occur rounded, elliptical, elongate or 
irregular pockets of microcrystalline Quartz 	o recog- 
nisable radiolaria have been found. Accessory minerals are 
very / 
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very rare, but include magnetite r nd chlorite. The masses 
are veined locally by quartz. 
Peach and T-orne (199), who first recorded the chert 
on Prieston 11111, termed them radiolarian cherts. 	Balsillie 
(1927) 7 however, suggested that they might be of hydrothermal 
origin. The presence of a narrow band of rnudstne at the 
base of the chert in some places, however, is conclusive proof 
that the chert is a derivative rock, though whether of organic 
or chemical origin cannot be ascertained. The cutting of 
the chert by cuartz suggests th&t thc silification of the 
nearby albite-granite-breccia (see p. 15 16 ), may have occurred 
at least in part after the chert had been deposited. 
Summary of Conclusions 
The agglomerate on Prieston Hill is a true pyro-
clastic rock and not a fault breccia (for evidence see 
P . "4W ). 
The cherta in the same region are of derivative, 
not of hydrothermal origin. They may be organic but 
have perhaps been precipitated from sea-water enriched 
in S102 from hot springs. 
The rocks on Prieston till  form a conformable 
sequence, the order of formation being (in ascending 
order), spilitic lavas, black shale, agglomerate, 
mudetone and chert. 
This sequence corresponds with that found in the 
type area at Pennane Tlead where the presence of zonal 
grapt4lites in the black shale fix its age as Arenig. 
It may therefore be inferred that the Prieston T111 
rocks are also of Arenig age. 
3:3. 
V. SPILITE SERTES 
Description 
The rocks of the spilitic belts are generally better 
exposed than are those of the serpentine belts. Although 
exposures are numerous, they are small and discontinuous, and 
elucidation of the structure of the country is not readily 
facilitated. In the Frieston Hill region (the only spilite 
area studied by the writer) pillow structure is but poorly 
developed. 
The lavas, which are compact and blue-grey to green-
grey in colour, are uniformly fine-grained. Sometimes 
slightly coarser, almost doleritic types appear, but they are 
rare. All the lavas are well-jointed and the joint planes 
are frequently coated vdth calcite and zeolites. The lavas 
contain numerous vesicles which appear in hand specimens as 
dark spots, often elliptical in shape but occasionally cir-
cular. Forphyritic varieties are uncommon in this region. 
In addition to the calcite and zeolite linings noted above, 
the lavas are cut by quartz veins varying in width from about 
two inches to mere stringers which can only be seen under the 
microscope. Such quartz veins are especially well developed 
on the south side of Prieston Till near the 450 foot contour, 
close to the albite-granite-breccia developed at that locality 
On / 
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On Craig T-Till, however, some 300 yards south-west o: the I'UIIIS 
of a shepherd's cottage (see figure ), smaller auartz veins 
occur far from the nearest exposure of albite-granite-breccia. 
Microscopically (L.32, X_ -0,, 1 the lavas are similar 
to those described by Teall (i99) and Paisillie (l32) from 
other parts of the Complex. verywhere they consist prin- 
in'iI of hih1y altered feldspar and relatively fresh pyro- 
( 	
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xene1. The feldspar occurs as email, much elongated laths, 
sometimes curved and occasionally showing fluxion structure. 
It is commonly replaced by turbid aaussuritic agrregates but 
where fresh it can be identified as albite. 	o more calcic 
feldspar has been found in any of the thin slices examined by 
the writer. 'xcept where the laths are curved, the extinc-
tions are sharp. The saussuritic aggregates replacing the 
original plagioclase are very fine-grained and identification 
of the conmonents is difficult. However, aibite, pectolite, 
prelinite, and zoisite have been determined. Though not 
generally occurring in the saussurite itself, chlorite (var. 
pennine) and calcite are sometimes found pseudomorpMng felds-
par. In some slices quartz is found replacing feldspar on 
a small scale. 
?'onoclinic pyroxene forms the other major constituen 
of the lavas. It is frecuently pale purplish-brown titan-
augite / 
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augite, and is sometimes ophitically related to the feldspar. 
Elsewhere it develops as long acicular prisms often curved and 
(1i) 
aggregated in branch-like sheaves,ç Widespread chloritization 
of the titan-augite is not a characteristic feature of the 
spilitic lavas from the area under consideration. 
Serpentine pseudomorphe after olivine occur rarely. 
Black ore is the only accessory of importance. The vesicles 
in the lavas are generally small and are filled with calcite 
or chlorite. In some both minerals occur together, a peri-
pheral zone of chlorite surrounding a central core of calcite. 
In a few slices some of the vesicles are occupied by zeolites, 
and in one, brown glass occurs. Veins of quartz, chlorite, 
calcite, and zeolitea traverse many of the sectioned rocks. 
On Prieston Hill, coarser lavas with a rather dole-
ritic texture appear locally. They have a very limited dis-
tribution and are similar to the finer variety described above 
Of still rarer occurrence, and representing only the chilled 
edges of pillows, are very fine-grained, somewhat glassy rocks 
which are more highly vesicular than the coarser varieties. 
Under the microscope (L.8 9 P.1), they consist of dark brown 
glass, locally devitrified, through which are disposed nume-
rous sm.11 feldspar microlites. These are sometimes arranged 
in stellate groups which impart a variolitic appearance to the 
rock / 
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rock as seen in section. More generally they are distributed 
haphazardly. Fluxional arrangement of the microlites is also 
seen occasionally. 
Spilite Probleml 
It is not proposed to enter here into an exhaustive 
review of the previous literature on the subject of the api-
litic rocks and their genesis. Gillul (1935) has already 
done so at considerable length. We may, however, draw atten-
tion to the main problems which have given rise to controversy 
in the past. According to Gilluly the following questions 
are critical: 
Are the spilitic rocks of normal alkali-calcic 
parentage, as contended by Daly [1914], Sundius (1915), 
Fakola [1925], and Beskow [19P9], or are they derived 
from an indeperent maauite, as thoght by Dewey 
and Flett L191lJ , Geijer [1916], Wells [1922-3], 
Backlund L193o, and Sundius (l930)? 
Is the soda-rich character inherent to the magma, 
as contended by Dewey and Flett, Daly, Ceijer, wells, 
Backluncj, Sundius (1930), and 7skola, or is it a pro-
duct of post-magmatic influences as thought by Termier 
[1898] , Sundius (1915), and Beskow? 
Is their mineral composition (as distinct from 
their chemical composition) primary throughout, as 
stated by Sundius (1930), and for the more siliceous 
members by Dewey and Flett, Geijer, Wells, Beskow, and 
Backlund, or is it largely of metasomatic origin as 
contended by Termier, Daly, Sundius (1915) 9 7skola, 




Is there a specifically apilitic type of magma? 
This question has been fully discussed by Gilluly 
(1935) 9 who states that a vast amount of t'associational and 
analytical data .............. render the hypothesis o,f an 
independent [apilitie] magma suite untenable". It seems to 
be widely agreed at the present day that the spilitic lavas 
and their associated intrusive rocks have been derived from 
magmas of normal caic-alkali composition as regards the sili-
cate and other non-volatile constituents. If the albitizir2g 
agents - probably volatiles - were originally present In the 
magma, then the latter might be regarded as "spilitic". 
Is the albite of the apilitic rocks primary or secondary? 
This question is rather more complex than the last, 
since It must be considered from the aspect not only of the 
spilitea and albite-diabasea but also of the more acid kera-
tophyres, quartz-keratophyrea, and trondh.jhemites. Most 
authorities agree that the albite of the epilites and albite-
diabases is of secondary origin. The evidence for such a 
contention is threefold. 
(a) Petrographic 
In all those areas of the world where spilite lavae 
and a].bite-dlabases are developed on a large scale the charac-
teristic albite of the spilitea and albite-diabases commonly 
contains / 
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contains cores of more calcic plagioclases, a feature which 
is opposed to a primary magmatic origin for the albite as was 
first claimed by BailM and Grabham (1909) and Dewy and Flett 
(1911). 
Physico-chemical 
Bowen (1915b) showed it to be extremely improbable 
that albite and pyroxene could crystallise from a primary 
magma in such a way as to produce an ophitic relationship be-
tween the two mnerals. The fact that the albite and pyro-
xene of the spilite ].avaa and albite-diabases do frequently 
show this relationship suggests that the albite did not 
crystallise as such but was formed after the rocks had solidi-
fied by the replacement of more caleic plagioclases. 
Statistical 
It is significant that all those rocks which show 
ophitic textures (except certain apilites and albite-diabases) 
contain feldspar no more sodic than basic andesine, while all 
those rocks which do contain feldspar more sodic than basic 
andesine are not ophitic (except certain spilites and albite-
diabases). 
The evidence for supposing the albite of the more 
siliceous keratophyrea and trondjhemitea to be of secondary 
origin is less striking, and the cuestion has been the subject 
of! 
39. 
of considerable controversy in the past. The hypothesis of 
trond.jhemitic differentiation propounded by Goldschmidt (1922) 
has been widely accepted and supports the view that the albite 
of such rocks is primary. The fact remains, however, that 
the albite of many trondjhemitic rocks contains cores of more 
basic feldspar suggesting that the albite is of secondary 
origin. Further, recent research on the origin of granite 
and related plutonic rocks has cast considerable doubt on the 
validity of many of the older differentiation hypotheses in so 
far as they apply to the genesis of the acid plutonic rocks. 
In particular, Reynolds (1942) has shown that syntectonic 
trond.jhemites have probably been derived from pre-existing 
rocks by a process of granitization, involving the introduc-
tion of soda and silica and the removal of potash, iron, and 
magnesia. If the trondjhemites were formed in this way, then 
the albite cannot be magmatically primary. It is interesting 
to recall, too, that albite-granites associated with spilitic 
lavas in Oregon (Gilluly, 1933) and at Ballantrae (l3alsillie, 
937) have been formed from pre-existing rocks by the intro-
duction of soda and silica thought to have been transported 
by hydrothermal solutions. The albite and quartz of these 
rocks is undoubtedly of secondary origin. 
When / 
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When did the albitization occur? 
It is difficult to establish the time of albitiza-
tion of the rocks, since, as Gilluly (1935) states, "compe-
tent criteria are difficult to establish and apply". How-
ever, Gillu]y (1935) considered that at the Lizard, Cornwall, 
"the localization of the alteration [albitizatlon] and its 
frequent association with adinoles and cherte ....... 	is 
evidence that the alteration] closely followed the consolida-
tion of the rocks". Concerning certain rocks in Oregon, 
Gilluly (1935) states: "In view of the demonstrable post-
magmatic albitization in the albite granites [which were 
originally quartz diorites intruded into the spilite lavas] 
and meta-andesitee and the highly probable albitization of the 
spilites, diabases, and quartz keratophyree as well, the 
rather daring hypothesis that all the albitization was later 
than the quartz diorite intrusions becomes attractive". 
While Anderson (1936) considered that the Ballan-
trae apilites were albitized during the later stages of con-
solidation, Balsilhie (1932) believed that the albitization 
occurred after consolidation was complete. He based his 
belief on the fact that blocks of lava contained within an 
Intercalated ash deposit in the Stockenray Bay region of the 
most northerly apilite area were obviously closely related 
genetically / 
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genetically to the diabaee-porphyrites of the district but 
contained labradorite instead of the usual sodic feldspar. 
He designated,. the lava-b1oce 'pre-spilite' and considered 
1it-r -Cuicê4ti AWffW 4/L44, - 
that ,,being sealed up In ash, they had escaped the hyc1ro-
therrnal or metasomatic processes which had altered the bulk 
of the lavas in the district. The evidence, however, 18 not 
conclusive since a flow may have been albitized by its own 
emanations, whereas a block in a tuff might have lost its 
emanations during the explosion which accompanied the forma-
tion of the tuff. Further, if the albitization occurred 
after consolidation was complete, it is difficult to under-
stand why a lava-block in an ash should be less accessible to 
altering solutions and gases than a portion of lava of com-
parable size within a spilitized flow. 
Whence game the albitizing solutions? 
The Environment 
It is well known that most spilites, if not all, 
have been formed under submarine or subaqueous conditions and 
that they are particularly well developed in geosyncllnal 
belts. Comparatively few, if any, apilites have been ex-
truded under subaerial conditions (Bee Gilluly 1935, p. 252). 
It 18 important to emphasize, however, that lavas of normal 
basaltic / 
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basaltic or andesitic composition may also be extruded on the 
sea-floor, and further, that during the development of geo-
synclines, lavas of normal types may have been extruded in one 
region of the geosynclinal trough while lavas that became 
spilitic types were being erupted in other parts of the same 
trough. Thus, in Ordovician times in the Caledonian Geosyn-
dine, although parental lavas of spilites were extruded in 
Scotland, Wales and Northern Ireland, basalts and aidesites 
appeared in the Lake District, 
Hypotheses involving extraneous post-magmatic influences 
The hypotheses of Termier (1898) and Sundi (1915), 
which invoked the action of percolating meteoric waters and a 
process of regional saussuritization respectively, may both be 
discarded, according to Gilluly (1935), on the ground that 
while they may have been effective on a small scale they 
could scarcely account for the albitization of large rock 
masses such as are encountered at Ballantrae and at the Lizard 
Beakow's (1929) hypothesis invo]dng the action of circulating 
sea-water may also be discarded, for, while it might account 
for the albitization of the spilites, it cannot explain satis-
factorily the alteration of the associ - ted hypabyssal intru-
sions (albite-dialaees) or the absence of alteration in normal 
basalts and andesites erupted on the sea-floor. 
In, 
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In short, it appears that all hypotheses which de-
rive the soda-rich solutions from external sources are Un-
tenable. 
Hypotheses involving magmatic influences 
Unlike the hypotheses of Termier, Sundius and Beako 
noted above, those considered In this section all begin with 
the surmise that the spilite magma was originally rich in sods 
and carbon dioxide. 
Perhaps the most widely held hypotheses of this kind 
are those which involve the process of autolysis. Each in-
dividual flow or intrusion Is supposed to have carried within 
Itself its own soda-rich solutions which caused albitization 
of the mass of the rock during or immediately subsequent to 
consolidation. The main objection to all the hypotheses in-
volving autolysis, according to Gillu1 (1935), Is quantita-
tive. He comments that "To assume merely residual authi-
genous solutions as responsible for bulk alterations so pro-
nounced as these is to appeal to them on a scale of entirely 
different order of magnitude from that commonly recognised as 
attributable to residual solutions". 
In particular, regarding a specific example from 
the Ballantrae region, he claims that the scale of alteration 
"seems / 
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"seems clearly to call for volumes of solution far beyond the 
limits permissible on the assmntion that each spilite flow 
carried within itself the solutions that caused its minera-
logic and chemical transformation". 
Gilluly favoured as a possible explanation of the 
origin of the spilitee and their associates, a hypothesis 
based on earlier postulates of Daly (1914) and Goldschmdt 
(1922). 
According to Daly the submarine locus of eruption 
would be favourable to the modification of the magma in the 
vents by water-gas rich in soda. The upper part of the 
magma column an( some of the extruded lava might be albitized. 
Later, however, Daly (1933) admitted that the albite-diabases 
could not be exilained in this manner. However, as (illu1y 
remarks, Goldschrnidt considered that under similar submarine 
conditions the addition of water, derived from wet country 
rocks, to intruding basaltic magma would promote a trend of 
trondjhemitic differentiation. The later products of the 
differentiation series would contain a considerable proportion 
of primary albite and residual sodic solutions would be 
available to albitize earlier flows and intrusions. 
Several objections to this hypothesis of Gilluly's 
occur to the writer: 
(1)/ 
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If a trondjhemitic trend of differentiation 
is promoted under submarine conditions as Goldschmidt 
supposed it is difficult to understand why under 
precisely similar conditions, spilites were formed 
In Scotland and Northern Ireland, and basalts and 
andeeltes in the Lake District. 
If a trond.jhemitic differentiation trend was 
followed in some cases one would not expect to find 
secondary albite In the more siliceous differentiates. 
It appears, however, as previously indicated (see 
p.31 ) that some keratophyres and trondjhemites do 
contain albite of secridary origin. 
The whole conception of trondjhemitic differen-
tiation appears to be in doubt, for Reynolds (1942) 
has shown that some trondjhemitea are probably not of 
magmatic but of replacement origin. 
If Eacku 	(l93C pp. 37-40) Is correct, some 
spilites are formed under subaerial conditions where 
submarine conditions In general cannot be invoked as 
a factor In their formation. 
Despite Gilluly's criticisms, the experiments of 
skola, Vuoristo and Rankaina (137) provide strong support 
for the autolytic hypotheses. In conclusion, we may quote 
from Turner (1948) "Development of albite in spilites 
is usually essentially a metasomatic process 
involving addition of Na2O and SiO2 and complementary re-
moval of CaO and A1203 1 and falls within the province of 
autometamorphi sm'. 
Further Hypotheses 
Holmes (1950) proposes that reaction, at a high 
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crustal level, between a carbonatite magma W j rich in 
cafemic oxides, water and carbon dioxide, and potash granite 
(G) would give rise to biotite-pyroxenite (OBP) and katungite 
(K). Briefly: 
C + C = OTP + K + liberated CO2 
He further proposes that a similar reaction occurring at a 
low crustal level might account for the soda-rich rocks of 
East Africa. 
The writer considers that this latter reaction 
might also be a means of producing a 'spulitic magma'. 
Another possibility, however, is perhaps more ap-
plicable in the BaUantrae area. It is reasonable to sup-
pose that the original u.ltrabasic magma, as It gradually as-
cended along a deep-seated thrust-zone fused the rocks of the 
basaltic layer and thus produced a basic magma. flow, if the 
ultrabasic magma was originally hydrous and rich in carbonate 
(particularly in 'Ta2 CO3 and FeC%) it Is probable that these 
volatile constituents would escape upwards into the basic 
magma and thus render it spilitic In character. This api-. 
litic magma being rich in volatiles would be extremely mobile 
and might be expected to reach the surface Quickly, where it 
would be extruded as pillow-lavas. The volatiles present in 
the magma would be ample to cause spilitization and might 
also / 
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also be sufficient to albitize the rocks of the pre-Arenig 
floor. Meanwhile, the ultrabasic magma would continue to 
ascend but being of high density it would be unable to reach 
the surface and might easily spread out as intrusive sheets. 
At the same time further spilitic magma being generated in 
depth would eventually ascend and be intruded into the pre-
viously formed rocks as dykes and sills (the dolerite-granulit 
and gabbro-granulite series). 
It must be admitted, however, that until more evi-
dence bearing upon the problems of epilitization and serpen-
tinization is available, any attempt to explain the petro-
genesis of the rocks must remain highly conjectural. 
Summary of Conclusions 
The bpilites examined by the writer furnish no 
new evidence bearing upon the problem of spilitization. 
The writer considers that spilitization was pro-
bably caused by pneumatolytic and hydrothermal agents 
derived from the magma. 
The 'spilitic magma' may have been formed by the 
introduction into basaltic magma of soda-rich vapours 
derived either from the ultrabasic magma or liberated 
by its action on the deeper crustal rocks. 
CHEMICAL ANALYSES 
I II III 
8102 47.01 46.01 51.22 
1208 18.07 15.21 13.66 
Fe 208 5.15 1.35 2.84 
FeO 5.20 8.69 9.20 
MgO 3917 4.18 4.55 
CaO 10.00 8.64 6.89 
Na20 3946 4.97 4.93 
K20 0.63 0.34 0.75 
H20+ 1.11 2.48 1088 
H20- 2.38 Nil Nil 
Tb2 2.94 2.21 3.32 
P2 05 0945 0.81 0.29 
MnO 0.10 0.33 0.25 
CO2 0916 4.98 0.94 
FeS2 0.14 Nil Nil 
99.97 100.00 100972 
Lava block in agglomerate one and a quarter miles north 
of Lendaltoot. 	Basalt (Pre-apilite). 
Analyst: B.E. Dixon. 	Reference Balsillie (1932) P. 111 
Average Spilite according to Wells (1923, p. 69). 
1verago Spil1e Recording to Sundius (1930) P. 
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VI. 	RIDOTITE-STENTINE SERIES 
Two very different types of serpentine have been 
found within the southern belt. First described by Bonney 
(1878) and later, in more detail, by Tea].l (1899) the vast bulk 
of it consists of bronzite or bastite serpentine which was 
compared by both authors with the serpentine of the Lizard in 
Cornwall. Locally, Itowever g on Littleton, Balhaznie and 
Claughanton Hills small occurrences of a serpentinous dunite 
appear within and pass gradually into the bastitic type. 
Nb zonal distribution of the varieties is evident. 
Bastite Serpentine 
While the serpentine of this type cannot be said to 
be well exposed, the area which it occupies in the field is of 
such considerable extent, some 14 square miles, that numerous 
outcrops are available for examination. Perhaps one of the 
best of these is in an old disused quarry at Pig Plantation 
about one mile west of the village of Colmonell (see figure 6) 
Here the rock face shows irregular rhomboidal jointing, the 
joint planes being coated with pale green or blue-green 
steatite. Slickenaides, beautifully grooved and polished, 
are also of frecuent occurrence. The serpentine at this 
locality is veined considerably by pseudophite. 
The / 
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The typical rock has a very fine-grained dark green 
or black groundmass, heavily sprinkled with large crystals of 
bronzite, which have a marked metallic lustre on their cleav 
surfaces. Under the microscope (J.101) the groundmaes is 
seen to consist mainly of very pale yellow serpentine, associa 
ted with occasional patches of colourless serpentine. Magne-
tite, as dust and small octahedra, occurs abundantly within 
the matrix, generally being aggregated into narrow trains. 
Between crossed nIcole the matrix is seen to consist of a net-
work of narrow veins of feebly birefringent antigorite which 
enclose larger areas of isotropic serpentine. Embedded in 
the network are large crystals of an orthorhombic pyroxene 
(see figure 14.)., which is slightly pleochroic in shades of 
yellowish-brown and has the macroscopic appearance of bronzite 
It has a mean refractive index of 1.667. It has a well-
defined cleavage, along the visible traces of which much mag-
netite Is aligned. Evidences of stress are frequently to be 
observed in the bronzite. iTot only do the crystals show 
strain-shadowed extinctions but they are also often cnsiderab: 
distorted and even, in a few places, fractured. Many of the 
bronzite individuals are partially eerpentinized and replaced 
by bastite. In some examples the alteration has proceeded in 
a regular fashion, commencing at the outside and extending 
towards the centre preferentially along the cleavages. In 
others / 
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others, however, the alteration is irregular; veins of ser-
pentine traverse the bronzite in various directions and form 
a mesh similar to that commonly seen in altered olivine. 
Where the veins penetrate the bronzite crystals magnetite 
inclusions are more abundant than usual in those parts of 
the bronzite adjoining the veins. It seems that the greater 
part of the magnetite is of secondary origin, being a by-
product of the chemical reaction involving the hydration of 
a ferro-magnesian silicate (bronzite) to a hydrous magnesian 
silicate (serpentine) with a consequent loss of iron. The 
only other mineral of importance in the rock is picotite of 
a deep chestnut-brown colour, which in some places at least 
was originally intergrown with either brorizite or, perhaps 
more probably, olivine, before these m.?nerals  were replaced 
by serpentine. 
Reference will now be made to certain other ex-
posures so that they may be compared with the rock described 
above. 
(1) Several small exposures of rather foliated ser-
pentine occur on the southern slopes of Littleton Hill near 
the 500' contour. The foliation planes trend in a general 
north-west to south-east direction in accordance with the 
general rule of the district. This foliation should not be 
confused / 
confused, however, with the marginal schistosity which trends 
north-east to south-west. Microscopic examination of the 
rock (J.242) has shown that stress effects are more severe 
than in the BaThamie rock. Bronzite crystals are more 
severely distorted and in several places even picotite has 
been considerably cracked. 
(2) Many exposures of serpentine occur on the 
southern and eastern slopes of Claughanton 1111 where the 
rocks are sometimes alickensided and foliated. One exposure 
which occurs in the channel of the Garna Burn some 600 yards 
north of the farmhouse of that name is especially interesting. 
At this point a pyroxene-granulite of type 2 (see p.108) is 
seen branching, apparently intrusively, within the serpentine. 
No sign of metamorphism can be detected In the adjacent ser-
pentine (J.4). The significance of this relationship is 
considered on page :20 
Another exposure of particular interest is that 
near Garnaburn Bridge on the main Ballantrae-?inwherry road, 
half a mile east of Colmonell, where a small boss of gahbro is 
intrusive in the serpentine. The latter rock near the junc-
tion is much distorted and apparently breociated In places. 
The serpentine (J.75) from this locality differs from that ex-
posed at BaThamie In containing a considerably auantity of 
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titanaugite and a little red-brown biotite which is frequently 
altered to pale green chlorite. Easily recognisable pseudo-
morphe of serpentine after olivine can also be seen in this 
rock. 
(3) On the moorland area east of the (arnaburn-
Lendalfoot road the serpentine, as elsewhere, is largely ob-
scured by the mantle of superficial deposits, but where it is 
exposed in certain water channels it is of the normal bastitic 
type. In a few places it can be seen in contact with granu-
lites which represent thermally altered igneous rocks, and 
everywhere - as in the above-mentioned occurrence north of 
Garnaburn farmhouse - the serpentine is quite unmetaniorphosed. 
Near the boundary with the spi].ite the serpentine 
assumes a very marked schistose structure which trends in a 
north-east to south-west direction and which is apparently 
due to a fault which is presumed to throw the spilites down 
against the serpentine at this point. Further evidence of 
considerable shearing here is given by the abrndance of calcit 
veins (L.3). In this area the rock contains no bronzite 
crystals and must be regarded as an altered dunite. 
Serpentinous Dunite 
The largest and best exposures of this variety of 
serpentine occur on the crest of the Littleton-BaThamie-
Claughanton / 
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Claughanton 1!111 ridge sce quartet of a mile east of the sum-
mit of Balhaznie Till and south of the alluvial flat occurring 
In that region (see figure 6). The rock is dark green to 
black in colour and contains numerous pale yellow crystals of 
olivine which can be distinguished by the naked eye. Under 
the microscope (J.145 5.3) it is seen to have been hydrated 
on a limited scale only. It consists mainly of fresh and 
unaltered individuals of olivine (figure 13 ) through which 
ramify irregular veins of serpentine. Where the veins pene-
trate the olivine they carry an abundance of magnetite dust 
which has coalesced in places to form large irregular masses. 
Occasionally, olivine and pseudornorphs of serpentine after 
olivine are enclosed in large crystals of colourless enstatite 
and give a poikilitic appearance to the rock. Th&wArnineral 
seems to have been unaffected by the process of hydration but 
in the peripheral zone and along the cleavages it has been 
altered to pale brown slightly pleochroic hornblende. The 
only other mineral to be found is biotite which is present In 
very minor amount. 
The General Problem of Peridotite Intrusion and Serpentinlzati 
The nature of the above problems was brought activel; 
to the notice of geologists by Bowen (1915a and 1917) as a 
result of his well-known physico-chemical experiments at the 
Geophysical / 
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Geophysical Laboratory. Ile showed thit, despite field evi-
dence which indicated that some peridotites were intruded at 
low temperatures - Soirnan (38) has more recently estimated 
it at 500°C. - dunite magma could not exist in the molten 
state under appropriate oondilions of pressure below a tempera-
ture of some 1500° C. The seeming incompatibility of the two 
lines of evidence, together with the fact that no extrusive 
fades of the ultrabasic rocks exists, led Bowen to certain 
conclusions which he further expounded in 1927 and 1928, after 
which date they appear to have been fairly generally accepted 
by geologists throughout the world. These conclusions were: 
(1) That dunite and peridotite magmas could not exist 
in the liquid state at temperatures in the region of 
500° C. 
(.) That many such rocks must, therefore, have been 
intruded in the solid state. 
(3) That dunite and other peridotitea were formed 
in the first instance as ultrabasic differentiates 
from a parental olivine-basaltic magma. 
Some geologists were reluctant, however, to give up 
the concept of an ultrabasic magma and sought various means of 
escape from these conclusions. Vot (1921) suggested that 
the presence of small amounts of iron (Bowen's original ex-
periments were conducted in the absence of that element) might 
reduce the fusion point sufficiently to account for the 
observed / 
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observed field facts, but later work by Bowen and Schairer 
(1933 and 1935) showed that this hypothesis was untenable. 
Later other geologists, notably Hess (1933 and 1938), supposed 
that if 5-15% water was present in an original ultrabaaic 
magma or was acquired from wet country rocks during the. 
earlier stages of intrusion, then the fusion point might be 
reduced by the required amount. Further, it was supposed 
that olivine and pyrozene would separate out at an early stage 
in the history of such a magma and would then be serpentinized 
by their own aqueous residual liquor during or soon after 
emplacement - a process described as auto-serpentinization. 
Recent researches of Bowen and Tuttle (1949) have shown that 
this hypothesis is untenable also, on both counts. 
Turn (1948) also objects to the auto-serpentiniza-
tion hypothesis of Hess on the ground that he (Turner) "cannot 
readily reconcile it with certain microstructural characters 
widely prevalent in serpentinized peridotites. In normal 
mesh serpentines, kernals of nearly isotropic serpentine 
(serpophite) are set in an interlacing network of veinlets of 
fibrous chrysotile, which are usually interpreted as infilled 
cracks or as metasomatic replacements developed from cracks. 
On this assumption there must have been a stage (corresponding 
to the condition still shown by partially serpentinized pen-
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peridotites) when the rock consisted of residual olivine ker-
nale enmeshed in a chrysotile network, to the exclusion of any 
liquid other than a possible intergranular film of small total 
volume. Serpentiriization beyond this stage cannot be explain 
on the basis of the mechanism suggested by Hess'. 
General Relationship of Serpentine to Tectonic Structures 
A survey of the world literature on serpentine led 
Hess (1937) to conclude that the times at which large masses 
of serpentine were intruded seem to be closely related to the 
initiation of periods of orogenic movements. Later researehe 
particularly those conducted in Cuba by Thayer and Guild (1947 
and in the West Indies and Indonesia by Hess himself (1938 and 
1948) have served not only to confirm this idea but also to 
establish the fact that in each orogenic belt the serpentines 
were emplaced during the first, great down-buckling of the 
crust that accompanies the onset of each great tectonic dis-
turbance. 
A Modern Theory 
Bearing in mind both the geochemical evidence and 
the tectonic evidence, Bowen and Tuttle (1949) have recently 
formulated a new hypothesis of peridotite intrusion and eer-
pentinization. They supposed that during the first stages of 
an, 
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an orogenesis ultrabasie material, derived either from the 
peridotite layer or from a differentiating olivine-basaltic 
magma, was introduced in the crystalline state into accessible 
levels of the earth's crust. If no extraneous source of 
hydrothermal solutions was available or if the temperature of 
the mass when it entered a wet environment was about 500° C. 
it would remain as peridotite. If, however, extraneous 
hydrothermal solutions were available and the temperature was 
below 500°C. serpentinization would occur. 
They do not preclude the possibility that an em-
placed peridotite could be serpentinized at a considerably 
later date if a source of hydrothermal solutions should then 
become available, and they indicate that serpentines consis-
ting of almost totally altered olivine and relatively slightly 
altered orthorhombic pyroxene were probably formed in this 
manner. 
Contact Metamorphism by Peridotite Intrusions 
The literature alluding to contact metamorphism by 
peridotite intrusions is scarce. It seems that in some cases 
no contact effects on the country rocks have been developed 
(Du Rietz, 193E). Ingerson (1935), however, has shown that 
sandstones and shales in contact with the roof and sides of 
an ultrabasic laccolith in Newfoundland have been baked and 
recrystallised / 
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recryetallieed, while slaty shales in contact with the floor 
have been converted into highly schistose diopside-hornblende 
rocks. Little (1949), too, has observed that elates become 
spotted with tremolite in the vicinity of certain peridotitic 
rocks in British Columbia and that limestone xenoliths in the 
peridotite have been completely recrystallised. 
The observations of Ingerson and Little indicate 
that some peridotites at least have been intruded as molten 
magma, the temperature of which was probably in the region of 
1200°C. 
Time of Serpen- 
v,I& 
The question of the relative ages of the serpentine 
and the spilites in the Ballantrae area is one around which 
considerable controversy has arisen in the past. While Peaci 
and Home (1899), Tyrrell (1933) and Anders (1936) held the 
ultrabasic rock to be intrusive into the spilites, Pringle 
(1933) and Ba1si14 (1932, 1935 and 1937) were of the opinior 
that the ultrabasic rocks were older than the spilites. It 
is inherently improbable that the relations in the Ballantrae 
district should differ from those known to occur in other 
similar regions of the globe where serpentines are clearly 
intrusive into spilites. As examples some of the more notab] 
of! 
of these complexes may be mentioned. 
In New South Wales (Benson, 1913-15) spilitic lavas 
and their associated eed:mente are intruded by serpentines 
along the line of a great thrust. The serpentines are in 
turn intruded by dykes and sills of gabbro and dolerite, many 
of which are granulitic. 
In Nev'foundland (Watson, 1943) serpentines are seen 
to be intruded into basic lavas some of which show pillow-
structure. 
Iii Britain the best analogy to the Bal].antrae com-
plex occurs at the Lizard, Cornwall (Flett, 1946), where ser-
pentines are Intrusive into hornblende-schists which are per-
haps developed in part from basic igneous rocks. The serpen-
tine in this region is frequently invaded by gabbroic and 
doleritic rocks many of which exhibit granulitic textures. 
Along the Highland Border zone (Jehu and Campbell, 
1917 - Anderson, 1947, P. 506) a complex of serpentine and 
younger gabbro is seen to be intrusive into pillow-lavas. 
In view of this general relationship Balsillie's and 
Pringle's objections should therefore be considered and recon-
ciled if possible with the orthodox views of the other writers 
The main objections are-- 
(1) / 
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That miany granulitic rocks occurring within the 
serpentine indicate that the latter rock must have ex-
perienced a complex metamorphic history, no traces of 
which can be found in the spilites. 
That no simple intrusive junctions have been 
found. 
That no metamorphic aureole is developed round 
the serpentine. 
That the serpentine is affected by a general 
north-west and south-east foliation, no trace of which 
can be found in the spilites. 
The first point may be easily reconciled with the 
view that the ultrabaaic component of the complex is intrusive 
in the spilites since, a,'will be shown later (see p.lzI ) 
the granulitic rocks do not owe their present characters to 
the activity of widespread metamorphic processes. Even if 
the present writer's interpretation of the granulites should 
not be accepted, the absence of metamorphic effects in the 
spilites can be explained by assuming a late date of serpen-
tinization ( see also point 3 below). 
The second point is not really an objection at all 
since it proves nothing. It should be noted, however, that 
Anderson (1936) discovered an exposure where serpentine could 
be seen intruding the spilites. In the writer's opinion this 
evidence could ecual1y well be interpreted as a later effect 
of serpentinization. It does not prove, even if the auto-
serpentinization / 
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auto-serpentinization hypothesis is accepted, that the 
parental peridotite Is intrusive into spilite. 
The third point, that no metamorphic aureole is seer 
in the spilites at present in contact with the serpentine is 
no proof that such an aureole does not exist. If the paren-
tal peridotite was serpentinized after its Intrusion the re-
sultant expansion and faulting and consequent further movemeni 
of the ultrabasic rock as serpentine might well be sufficient 
to bring the serpentine into contact with apilites outwith thE 
metamorphic aureole of the original peridotite intrusion. 
Furthermore, if the ultrabasic rock was Intruded as peridotitE 
in the way Bowen and Tuttle (1949) suggest one would not ex-
pect an aureole of contact metamorphism to be produced. One 
might expect to find a zone of marginal shearing, however, an 
Anderson's (1936) marginal hornblende-schist zone which out-
crops at Intervals from Carleton Port to Loch Lochton may, 
therefore, be taken as an indication that the ultrabasic com-
ponent of the Ballantrae Igneous Complex was intruded in the 
manner suggested by Bowen and Tuttle. Theoretical considera-
tions concerning the development of the epilitic magma (see 
p.46  ) however require the original ultrabasic magma to have 
been intruded, at least In depth, at very high temperatures. 
The fourth point may also be explained by assuming 
the/ 
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the serpentinization to occur at a late date. The expansion 
of the peridotite during serpentinization would cause severe 
stress effects within the ultrabasic body but would not affec 
unduly the more competent spilitic country rocks. 
It seems, therefore, that all the objections to con 
sidering the ultrabasic rock as intrusive into the epilites 
can be reconciled with the orthodox views of other writers if 
we make the one assumption that serpentinization occurred 
after the intrusion and consolidation of the parental perido-
tite. The conditions under which many of the rocks of the 
dolerite-granulite series and gabbro-granulite series con-
solidated further suggests that the serpentinization occurred 
at a later date. 
The field evidence in the Ballantrae region, there-
fore, leads to conclusions similar to those reached by Bowen 
and Tuttle (1949) on purely theoretical grounds. 
Suimnary of Conclusions 
The serpentines examined by the writer furnish 
no new direct evidence bearing upon the problem of 
aerpentinization. 
The serpentines, as in other similar regions of 
the globe, are probably intrusive into the spilites. 
Serpentinization probably occurred after con-
solidation. 
64. 
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1,65 0.40 3.95 
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Baatite Serpentine, Baihamie Hill. 
Analyst: B.B. Dixon. 	Reference Balsillie (1932, p. LI 
Serpentine, Byne Hill Burn. 
Analyst: P. Holland. Reference Mallard Reade (1900, 
P* l09). 
Bastite Serpentine, Balhamie, near Colmonell. 
Analyst: F.T.S. Houghton. Reference Bonney (1878 0 
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5102 38 9 58 40.04 38.29 
A1201 1,65 0.40 3.95 
Fe201 3094 5.77 2.53 
FeO 2.49 1.91 4.04 
MgO 37.84 37.26 35.55 
CaO 0.04 Nil 0.57 
N820 0.62 Nil Nil 
K20 0.11 0.60 Nil 
H 2 0+ 12.68 13.42 14.08 
H20- 1.49 Nil Nil 
TiO2 0.04 Nil Nil 
P205 0.04 Nil Nil 
MnO Nil Nil Nil 
CO2 0.10 Nil Nil 
FeS2 0.10 Ni]. Nil 
0.24 0.39 Nil 
0.06 Nil 0.15 




.at1te berpentine, Balhamie Hill. 
Analyst: B.E. Dixon. 	Reference Balsillie (1932 0 p. 113) 
Serpentine, Byne Hill Burn. 
Analyst: P. Holland. Reference Mellard Reads (1900, 
p. 109). 
Bastite Serpentine, Balhamie, near Colmonell. 
Analyst: F.T.S. Houghton. reference Bonney (1878, 
p. 771). Analysis prepared from material dried at 100°C. 
VII . A DOLERITE-GRANDLITE SERIES 
Distribution 
The rocks of the dolerite-granulite series are de-
veloped throughout the area of the southern serpentine belt 
examined by the writer. The distribution of each type of 
dolerite and granulite distinguished by him is noted along with 
the description of the rock-type concerned. In general, how-
ever, it may be stated that the main areas in which granulites 
are developed are on Littleton Hill, on the southern slopes of 
Palhamie Hill, at the base of the eastern slopes of Claughanton 
Hill and on the moor about two-thirds of a mile north-east of 
Garnaburn Farmhouse (see figures 3 and 6). 
Except in the Littleton Hill region few new exposures 
have been discovered. On Littleton Hill, which is depicted on 
the current edition of the one-inch map (Sheet 7) as consisting 
of serpentine interrupted by four small lenticular masses of 
'altered spilite', the discovery of several new exposures of 
granulite has enabled the 'altered spilites' to be traced at 
intervals as far as the summit (see figure 6). Moreover, near 
the summit, two lenticular exposures distinguished on the one-
inch map (Sheet 71 as 'Gabbro, flolerite, etc.' have been found 
to consist of the same so-called 'altered spilitea' (p.94 ). 
F1d / 
Field Relation 
In common with the other rocks associated with the 
serpentine the field relations of the dolerite-granulite 
series are very obscure. The rocks appear as small isolated 
knolls generally striking north-east and south-west and rising 
above a cover of drift which frequently hides their contacts 
with the serpentine. When contacts are exposed they are of 
such a nature that no definite conclusions regarding the re-
lation of the dolerites and granulites to the serpentine can 
be reached. 
Frecuently, both doleritea and granulites, and ser-
pentine Are in a fragmental cond.iton near the contact and the 
serpentine in particular commonly disintegrates to powder 
under the hammer. Outwith the area considered in this thesis 
however, do].erites are seen to be intrusive into serpentine, 
the latter being welded to the chilled margins of the intru-
sive masses. In the area under review such welded contacts 
have not been observed, but the olivine-doleritesof type 4 - 
judging from their form and distribution - appear to be dyke-
like intrusions in the serpentine (see p. '19 . 	At another 
point, on the right bank of the Garna Burn some 600 yards 
north of Garnaburn Farmhouse, a pyroxene granulite of type 2 
can be seen branching apparently intrusively through serpentine. 
The / 
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The mutual relations of several of the sub-divisions 
of the dolerite-granulite series may now be summarised:- 
Dolerite of type 2 is penetrated by tongues of 
of 'eastern Moor' type gabbro (see p. '3 ), in the 
region east of the Garnaburn-Lendalfoot road. 
Dolerite of type 3 intrudes 'Eastern Moor' type 
gabbro at another exposure in the same region. 
Olivine dcrite of type 4 intrudes 'Garriaburn' 
type gabbro in the quarry at Garnaburn Bridge. 
Hornblende granulite of type A intrudes 'Deaf-
stone' type gabhro near the sum:it of Claughanton Hill. 
Granu.dtic material veins foliated gabbro at 
Millenderdale (see p. iis.i ). 
As recorded by Balsillie (1932) the foliation within 
some of the granulites of Littleton Hill is not found in the 
environing serpentine. The strike of the foliation varies 
in different masses, being north-east to south-west on the 
northern slopes of the hill and north to south on the southern 
slopes. 
Classification and Nomenclature 
The rocks are variably albitized, saussuritized, 
amphibolitized,biotitized, and no existing names for altered 
dolerites, such as albite-dolerite, dabase and proterobase 
are applicable, since even individual specimens may shbw grada-
tions. It is believed, however, that many of the rocks here 
described / 
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described were originally doleritee or olivine-dolerites, and 
that the others would have been had they crystallised under 
normal conditions. The term "dolerite", for want of a better, 
is therefore used for convenience as representing a "least 
common denominator" for the series as a whole. 
Those granulites in which no norma] igneous textures 
occur have been inferred by the writer to be derivations from 
dolerites, though it is possible, indeed probable, that some 
have been derived from gabbros. Mort, for example, referred 
to some of the rocks on Littleton Hill as granulitic hornblende-
gabbros. Tyrrell, on the other hand, referred to the same 
rocks as granulitic hornblende-diorites on account of their 
high amphibole content. Since it cannot be determined with 
certainty whether the granulites of Littleton Hill, or of 
other localities in the district, have been derived from coarce 
or medium-grained igneous rocks, and since the use of terms 
such as gabbro, diorite, dolerite &c. may give a wrong impres-
sion of the ancestry of the granulites, Je ri 1er 1 -haL prefr- 
red to adopt purely descriptive terms Such s Toxene-granuHte 
and bornblende-granuljte. He has also refrained from the use 
of compound terms such as granulitic-dolerite and do1eritic-
granulite to describe varieties intermediate between doleritc 
and granulites, since the granulftization in many masses is so 
patchy ,' 
69. 
patchy that such terms would be of little value and would be 
descriptive only of a particular rock slice and not of the 
whole mass concerned. 
The subdivision of the dolerites and granulites has 
been based on minor mineralogical and textural differences. 
So far as practicable, the writer has adhered to Mort's 
classification of the Littleton Hill rocks - and has extended 
it to embrace all the doleritee and granulites in the area 
examined - for it enables the rocks to be treated as a con-
tinuous series, the extreme types of which are unaltered 
doleritee and hornblende-schiats. 
Do lerite 
Type 1. 
Dolerites of type 1 are found in many small exposures 
on the southern flanks of Ba.Thamie Hill and Claughanton Hill. 
They are particularly well developed at Craighit (see figure 6), 
some 500 yards north of the village of Colmonell. Relations 
with the serpentine are nowhere exposed. The rocks are dark 
grey or green and have an even-grained doleritic appearance. 
Microscopically (L.2, S.6-7 9 J.186), they are seen to be 
markedly ophitic and decomposed. The feldspar is generally 
represented by lath-shaped aggregates of dense unidentifiable 
turbid material but some of the laths are pseudomorphed by 
calcite / 
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(T.lcite. 	.u:ite occurs rarely as euhedral phenocry&s aad 
:Dre commonly as relics in the cores of the hornblende crystals. 
t is usually replaced by hornblende of which the pleochroism 
i 	'ale green, Y = darker green, Z brownish-green. 
s of the dolerites where black ore Is abundant, the 
rnblende is sometimes dark brown and strongly pleochroic. 
ctinolite and tremolite, occurring as aggregates of scales 
nd needles, also apparently replace augite. The larger 
1Ite crystals are usually affected by stress and may 
ev be faulted. Chlorite (var. pennine) often replaces 
hornb1en an u'Ite. Black ore, the most Important acces- 
sory, is not cnerally abundant. Sphene is developed rarely. 
The rocks are traversed by monomineralie 'reins consisting 
frequently of zeolites ot pectolite, less frequently of cllno-
zoIsite, zoisite, calcite, albite or analcite. 	The time 
relations of the veins to one another are not generally ap-
parent, but some of the veins of albite and analcite cut the 
others and so are of later origin than these. 
vpe 2 
The dolerites of this tyre occur throughout the ser-
pentine area here being considered and are especially well 
developed in the moorland region east of the larnaburn-Lendal-
foot road. They are well jointed, dark grey to black in 
colour / 
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Colour and merge locally into fine-grained gabbros. Under 
the microscope (J.97, T.1-15 1 R19-11), the dolerites are seen 
to consist of feldspar, augite and hornblende. The feldspar 
is usually turbid due to the presence of clay-like alteration 
products: sometimes, notably in masses which, as indicated 
below, may have been thermally altered, it is fresh. 	It corn- 
- rily OCCUrS as laths some 1.3 nun, long. In outcrops showing 
oily slight metamorphism the laths have straight margins: in 
rphosed masses the crystal edges are frequently 
C 	 e inner parts of the crenulate laths are often 
sericitized but the margins are water-clear. Some granular 
feldspar, fresh and clear, occurs in the most altered masses. 
1 :en the feldspar is fresh it often contains dust-trains, a 
enomenon commonly ascribed to thcrmal metamorphism (Macgregor, 
1.31). Twinning is encountered frequently. The feldspar is 
usually ophitically related to the rnaf Ic minerals. In the 
Less altered masses this ophitic texture is quite normal 
(figure 	but where masses are more altered it becomes blast- 
ophitic (figure ' '. The feldspar ) commonly showing signs of 
stress in the form of bent laths and twin lamellae and shadowy 
extinctions, usually consists of labradorIte but is sometimes 
albitized. Apatite and aphene are sometimes found as inclu-
sions In feldspar. 
Au-ite / 
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Augite is abundant, frec'uently occurring as well-
formed subhedral, occasionally eui'iedral, crystals. It is com-
monly colourless or pale brown and is often schillerized, the 
crystals carrying platy brown and green hornblende and rods 
and dusty specks of black ore. 7xcept in an exposure on Bal-
hamie Hill, where the rock has suffered more from stress ef-
fects, the augite is seldom strained. Sometimes it forms a 
peculiar vermicular intergrowth with another mineral, often too 
minute to be identified but sometimes demonstrably brown horn-
blende. 
The augite is commonly altered to hornblende. All 
stages in the alteration can be observed in any one mass and 
several stages may be seen within a single thin section. The 
pleochroism of the hornblende varies rnsiderably. In a few 
masses it is greenish. The most common scheme of pleochroiem 
is X = pale yellowish-brown, Y = pale greenish-brown, Z = dark 
greenish-brown. In the moorland area east of the Garnaburn-
Lendalfoot road it is often X = pale yellowish-green, Y pale 
green, Z = dark green. Sometimes blue-green tints appear. 
Green hornblende is occasionally altered marginally to brown 
hornblende. 
In a few parts of one slide both augite and hornblende 
are replaced by yellowish-green or bluish-green chlorite. 
Hornblende / 
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Hornblende, though rarely, is also replaced by pale yellow ser-
pentine. Biotite has been formed, apparently in the same re-
action, for small flakes, pleochrolc from colourless to orange-
red, are found associated with the serpentine and are not pre-
sent elsewhere in the rock. Enstatite occurs rarely in one of 
the masses south of Knockdaw Hill. 
One of the masses on the moor east of the Garnaburn-
Lendalfoot road has been foliated and granulitized marginally, 
presumably by slearing stresses acting Boon after intrusion. 
Minor fruits, sometimes occupied by pectolite veins, cut the 
foliation at right angles. 
Veinlets of several minerals traverse the rocks. 
The most common consist of pectolite, sometimes associated with 
Zoisite. Where the hornblende of the dolerite is pierced by 
t'e venlets or is otherwise in contact with them it is altered 
to actinolite and tremolite. Other veinlets consist of pale 
Yellow or green fibrous serpentine. At Baihamie Hill analcite 
veinlets are also present. In the absence of cross-cutting 
the time relations of the veins cannot be determined. 
Several of the doierite masses in the region north of 
Garnahurn are veined by soda-syenite. A small boss of soda-
syenite is found protruding through the alluvial flat, east of 
the summit of Baihamie Hill, and a similar boss occurs on the 
eastern / 
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eastern flanks of Claughanton Hill. The veins are light grey 
to white in colour and usually consist entirely of feldspar. 
In the bosses, however, biotite is often present in addition 
(figure33). The veins vary considerably in size and texture. 
The largest are some six Inches wide while the smallest are 
mere threads which can be distinguished only wider the micro-
scope. The coarsest variety of soda-eyeriite encountered oc-
curs in a wide vein which traverses one of the dolerite masses 
in the region east of the Garnaburn-Lendalfoot road. The 
crystallinity Is finest in the narrower veins and at the edges 
of wide veins which appear to have been chilled against the 
surrounding rocks. Many veins, browever, do not have fine-
grained margins. 
Microscopically (3.2 9 3.14), the main constituent of 
the soda-syenites is seen to be albite, generally slightly 
turbid due to the presence of minute blackish inclusions which 
cannot be resolved. The albite of the bosses Is generally 
untwinned the albite of the veins commonly shows lamellar 
twinning. The feldspar individuals are of moderate size, 
somewhat 'granular' in appearance, and have ragged margins. 
They appear to have formed by the breaking-down of larger 
well-defined crystals. Several stares in the breaking-down 
process can sometimes be seen in one thin section. The 
dominant / 
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dominant factor producing the 'granular' effect - it is quite 
different from the even-grained mosaic of the granulites in 
the syerxites seems to have been stress. In some places shat-
tered albite individuals have been healed by the growth of new 
albite, a phenomenon usually associated with protoclastic 
rocks. Further evidence of stress is given by the frequent 
occurrence of shadowy extinctions and distorted twin-lamellae 
(figure 35). It seems, therefore, that the rock must have 
been crushed soon after its Introduction and before its cry-
stallisation was complete. 
In the veins (J.14-18) coloured minerals are of rare 
occurrence but small euhedral prisms of primary green horn-
blende and acicular crystals of actinolitA are developed 
locally. In the bosses email amount of biotite, green horn-
blende, sphene, apatite and augite are present. The biotite, 
sometimes altered to green chlorite, is widespread as small 
flakes, strongly pleochroic from pale yellow to dark brown. 
Sometimes the orientation of the biotite flakes is indicative 
of flow structure. Crystals of hornblende, augite, ephene 
and apatite - all euhedral when they do occur - are very rare. 
One of the syenite bosses is traversed by veinlets of analcite. 
Soda-granite veins intrude the dolerites at two 
localities, notably on the floor of the shallow ditch on the 
east / 
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east side of the Garnaburn-Lendalfoot road some half a mile 
north of Garnáburn farmhouse. Microscopically (J.312, J.325), 
they are similar to the soda-syenite veins but carry quartz. 
Strain effects are widespread and the quartz sometimes shows 
a biaxial interference figure. The feldspar is albitic and 
n one slice is seen to be intergrowii with another feldspar 
too turbid to be determined (figure 34), As in the soda- 
yenite veins, coloured minerals are rare but include biotite 
rt1 e!(e 
ily one exposure of this dolerite has been encoun-
tered. It occurs as a black dyke-like body about 18 inches 
wide, cutting the 'Eastern Moor' gabbro in the district north 
of Prieston Hill. The contact between the two rocks is 
microscopically sharp (T.44) and the dolerite is apparently 
chilled against the gabbro (figure"l), becoming coarser and 
doleritic a few inches from the contact. 
Near the contact feldspar occurs as laths parallel 
to the plane of the contact, so giving the appearance of flow 
structure. The laths occasionally show crenulate margins 
and are generally turbid and unidentifiable. They lie in a 
fine-grained granular matrix consisting of brown hornblende 
and magnetite. Away from the contact-zone the rock is more 
doleritic / 
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doleritic in appearance and the lineation of the feldspar dies 
out. The laths are larger and less turbid than in the con-
tact zone and their margins are frequently crenulate. Occa-
sionally untwinned strain-shadowed phenocrysts, partly chiori-
tiaed, are developed. Granular feldspar has been found in 
some slices. 	Even when fresh, the feldspar is difficult to 
identify but where it can be determined it is found to be 
albite. 
Pale brown slightly pleochroic hornblends is abun-
dant and is ophitically related to the feldspar. It sometimes 
shows blue-green tints. Augite is uncomiion and occurs only 
as relics in the amphibole. Small flakes of biotite occur 
rarely. Magnetite is the most important accessory, occurriig 
throughout the rock as small, irregular, tongue-shaped blebs. 
The rock is veined by pale green hornblende, by 
zeolitee and by syenite. The zeolitic veins cut the horn-
blende veins but the field relations provide no evidence of 
the position of the syenite veins in the sequence. 
Chemical Composition of ¶Iype 3. 
The results of an analysis of part of specimen T.44, 
together with the norm, are listed in the adjoining table. 
The analysed material so far as can be determined is free from 
veinlets / 
78. 
venlets. The mode departs very conspicuously from the norm, 
the olivine and nephelite of the latter being accommodated as 
hornblende in the actual rock. The analysis also suggests 
that the turbid alteration products of the plagioclase are 
rich in A1203 and CaO. Compared with the other analysed mem- 
bers of the dolerite-granulite series (Bee Table on p.1684), 
the rock is low in Na20 9 total -oxides and TiO2 , and high 
in A1203 1 MgO and CaO. The contrast in these respects with 
the albite-diabaaes previously analysed from other parts of 
the Eallantrae area is particularly striking. 
The composition and norm of T.44 suggest that the 
rock may originally have been an olivine-dolerite rich in 
calcic plagioclase and olivine, but the combination of high 
A1203 and MgO is one that cannot easily be matched amongst 
unaltered rocks of basaltic composition. This consideration 
suggests that the peculiarities of the rock, both chemical and 
mineralogical, may be due to alterations in chemical composi-
tion that accompanied the metamorphism. 
The composition of the late veins in this and other 
rocks of the series offers a possible clue to the nature of 
the migrating materials, but the matter is too complex for 
detailed discussion on the basis of the data available from a 
single specimen. Some further comments are added later in 





Dolerites of a fourth kind are commonly present in 
the area north of Bai.hamie Hill and on the northern and 
southern slopes of Claughanton Hill. On Claughanton Hill 
their relation to the serpentine is obscured by the mantle of 
drift but in the area north of Baihamie Hill contacts between 
the two rock types can occasionally be found. The rocks them-
selves, however, are in so decomposed a state that the detailed 
relations remain obscure. Nevertheless, the doleritea appear 
to form four dykes striking NNE-SSW. 
The doleritee are dark grey or green rocks, well 
jointed, but tough under the hammer. Microscopically (J.36, 
J.256, J.275 1 J.278), they are seen to be markedly ophitic and 
to consist largely of feldspar and pyroxene. The feldapars 
occur as laths averaging 1.2 mm, in length and are generally 
replaced by turbid clay-like material, saussuritic aggregates 
rich in chlorite and zoisite, or by calcite. In some slices 
where the feldspar is fresher, it rarely exhibits twinning or 
signs of stress and can sometimes be identified as labradorite; 
locally the latter is albitized and small needles of apatite 
appear in the albite. 
Monoclinic pyroxene, either colourless augite or pale 
mauve / 
mauve titan-augite, is abundant. It occurs as well developed 
subhedral crystals, rarely as larger phenocrysts, and contains 
numerous inclusions of dusty black ore. As in the feldspar, 
effects of stress are seldom seen. Green or brownish-green 
hornblende is often developed as narrow rims around the pyro-
xene, while in some of the exposures on the north aide of 
Claughanton Hill the alteration has proceeded farther, leaving 
only small remnants of pyroxene in the cores of the hornblende 
crystals. While generally platy, the hornblende is sometimes 
granular. It is distributed evenly throughout the rock but 
clots consisting entirely of euhedral hornblende individuals 
also occur. Other clots consisting of actinolite and green 
hornblende with cores of tremolite, may represent steam-holes 
originally filled with calcite and chlorite. Colourless, pale 
green or pale yellow chlorite frequently replaces augite, titan-
augite and hornblende. 
Olivine occurs rarely as aubhedral phenocrysts, grey 
in ordinary, light due to unidentifiable achiller material, and 
Is sometimes serpentinized (figure 18 )• In some slices, small 
flakes of orange-red biotite are found. Black ore, occurring 
In the form of irregular and tongue-shaped patches and as eke-
leta], aggregates, is the only important accessory. 
Veinlete and stringers of several minerals traverse 
the/ 
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the dolerites. The earliest are of pale green hornblende. 
Much more common, however, are later veinlets generally con-
sisting of either pectolite or calcite, but sometimes of both 
minerals. In a few slices, narrow veinlets of albite are seen 
to cut the pectolite veins, and in one slice an analcite vein 
has been detected. 
pe 5 
Olivine-dolerites of a rather different type occur 
at two points on Baihamie Hill and in the Claughanton Hill 
area. The best exposure occurs about 150 yards north of the 
exposure of hornblende-schist near the Cloven flocks (see 
figure 6). In hand specimen these dolerites cannot be dis-
tinguished from the granulites of Littleton Hill and under the 
microscope their less altered parts are seen to be similar to 
the 'Altered Dolerite' (!iort's type 2) of Littleton Hill (see 
p.%3 ). 	Microscopically (J.184-188, J.115-11E) 9 most of the 
rocks appear somewhat granular but the feldspar, which is 
labradoriLte throughout, is usually lath-shaped and ophitically 
related to the maf Ic minerals. The feldspar laths, which 
have an average length of about 0.9 mni., are freciuently crenu-
late and twinned. Occasionally, larger sometimes zoned 
porphyritic indIvidualspear. Shadowy extinctions and bent 
twin lamellae appear rarely. With increasing alteration, 
the feldspar sometimes becomes internally granular, the laths 
being / 
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being then composed of aggregates of granular feldspar (figure 
O ). 
In the least altered occurrences colourless or pale 
brown au.gite is abundant. It occurs as subhedral crystals 
which are often schillerized and frequently show shadowy ex-
tinctions. Along the cleavages and marginally it is generally 
altered to brown hornblende. In the more altered occurrences 
augite is scarce because of its almost complete replacement by 
small granular subhedral crystals of pale brown hornblende. 
The pleochroism of the latter is generally weak, in shades of 
greenish-brown. 
Some slices contain numerous subhedral phenocrysta 
of olivine. They are generally colourless but sometimes ap-
pear dark grey in ordinary light because of the presence of 
innumerable black inclusions too minute to be resolved. In 
other slices the olivine has a corona. consisting of an aggre-
gate of colourless hy-perethene (figure /9)• 	The olivine is 
usually more or less serpentinized but the corona remains 
fresh. The olivine never shows shadowy extinctions or other 
signs of stress. 
aa11 flakes of orange-red biotite are often found 
in the vicinity of the olivine, but are rare elsewhere. 
Magnetite is a rare accessory. 
it / 
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It is now necessary to describe the 'Altered Dolerite' 
(Mort's type 	of Littleton Trill,  hich has been noted as 
resembling the less altered parts of the olivine-dolerite des-
cribed above. First, however, it should be mentioned that 
Mort (1909) recorded an exposure of olivine-dolerite near the 
summit of Littlet -)n Hill. He described it as a markedly 
ophitic rock consisting of slightly ñecompoaed acid lábradorite 
pale brown augite, a few rounded grains of olivine sometimes 
serpentinized, and a little magnetite. The writer has not 
found the occurrence of olivine-dolerite referred to by Mort, 
but it seems from his description to be similar to the least 
altered parts of the rock described above 
The 'Altered Dolerite' of Littleton Hill has been 
found by the writer a few yards due south of the summit of 
Littleton Hill. The rock is black in colour and coarser than 
the melanocratic granulites further south. A thin slice 
(J.244) shows that the rock is medium-grained and sporadically 
ophitic. The chief minerals are plaioclaae, augite and 
hornblende. 
The feldspar, which is generally unalter6d labra-
dorite, is occasionally saussuritized and unidentifiable. 
It occurs as laths which are frequently crenulate. It com-
monly shows signs of stress such as bent crystals and trin 
lamellae / 
twin-lamellae, shadowy extinctions and secondary pericline 
twinning. 
The augite is pale brown in colour and faintly pleo-
chroic. It does not form well-shaped crystals but usually 
bears an ophitic relation to feldspar. Although it often has 
shadowy extinctions it is not granular. Mort, however, in 
describing the original type, recorded the presence of granular 
augite which was "at first glance like an incipient crushing". 
The augite is often altered marginally to brown hornblende 
which may be granular or platy. Green hornblende occurs, 
sometimes associated with irregular globules of magnetite. 
Fresh olivine has not been found but a few rounded 
areas of serpentine accompanied by magnetite may be pseudo-
morphs after olivine. The slice is considerably veined by 
zeolites. 
It should be noted that Jalsillie (1937) recorded 
fine-grained ophitic dolerite from a locality on the northern 
slope of Littleton Hill in line with the old stone wall running 
southwards from South Ballaird farm. This dolerite he con-
sidered to have been thermally altered and pheumatolitized 
and subsequently veined by analcite and albite. 
Unfoliated / 
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Unfoliated Hornblende-ranuijtes of Littleton Hill Type 
r,lxamples of these granulites occur at many poinis 
on the southern and south-western elopes of Littleton Fill and 
are particularly abundant in the group of exposures some half 
a mile south-west of the summit. They are melanocratic, very 
fine-grained and compact, tough under the hammer and break with 
an even fracture or along joint-planes. It is usually impos-
sible to distinguish individual minerals in hand specimen ex-
cept for glistening scales of biotite which are not uncommon. 
A glazed hornfelsed appearance is typical in hand specimen. 
Microscopically (J.202, J.203 9 J.208) 9 these rocks 
consist mainly of feldspar and hornblende. The feldspar oc-
curs in two habits. It is either granular and water-clear 
(figure )J ) or lath-shaped and slightly turbid (figure U). 
The granular crystals sometimes show very narrow lamellar twins 
but are usually untwinned: the lathe are frequently twinned, 
the lamellae being rather wider than in the granular type. 
The laths are some 0.9 mm. long and have crenulate margins. 
Some are slightly bent and give shadowy extinctions. Other 
laths have clear granular feldspar developed marginally, and 
a few are traversed by stringers of clear granular feldspar, 
an indication of the action of hot gases. In some masses the 
feldspar is labradorite in others it is andesine. Some-
times / 
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Sometimes the granular material has been replaced by albite 
and at other times by analcite. Veinleta of these minerals 
traverse some of the thin slices examined. The feldspar is 
occasionally replaced by pectolitic aggregates where veinlets 
of the latter mineral occur. 
The hornblende is usually dark brown and strongly 
pleochroic. It sometimes shows greenish-brown tints. It 
occurs commonly as small grains and subhedral crystals, many 
of which are conspicuously cleaved. Small flakes of biotite 
occur frequently. They are strongly pleoci -iroic from colour-
less to deep foxy-red, and, like the hornblende, are probably 
secondary. They are particularly abundant near serpentine 
pseudomorphs after olivine. Magnetite occurs sparingly 
throughout the rocks. In one thin slice (J.199) a large 
phenocryst of pale green pyroxene was found. It is not granu-
lar, but small trains of granular brown hornblende indicating 
the action of gas have been developed within it, and it is 
surrounded by a zone of the same material. 
Several textural variations of this type may be ob-
served. The rocks fall into a more or less complete series 
ranging from those having a relatively high content of feldspar 
laths and distinct traces of ophitic structure to those in 
which the rock is almost wholly granular, and which retain no 
trace / 
trace of their former textures. Marked variations of grain-
size are also evident. 
Rocks from the northern slope of Littleton Rill, 
described by Balsillie (1932) as granulitic gabbro-diorites 
and scapolite-aznphibolites, probably correspond to this type. 
The hornblende-mica-picrite which Tyrrell (1909) 
discovered north-west of the summit of Littleton Hill has not 
been found by the writer. Tyrrell regarded it as an ultra-
basic modification of the rocks described above. From his 
description It appears to correspond with the picrites dis-
covered by the writer on the north side of Prieston Hill and 
on the south side of Claughanton Hill, 80 yards north-west of 
the gabbro exposure at Garnaburn Bridge. The rock Is not 
unlike the other granulites but is somewhat darker in colour 
and contains numerous scales of biotite which glisten con-
spicuously on fractured surfaces. Occasional leucocratic 
veins traverse the dark groundniass of the rock. Under the 
microscope (S.1 9 T.47) 9 the mineral composition Is seen to be 
rather different from that of the granulites described above, 
the most striking feature being the paucity of feldspar 
(figure 28). Biotite on the other hand, is much more abun-
dant than in the other granulitic rocks. 
Hornblende Is by far the most conspicuous mineral 
often / 
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often occupying whole fields of the microscope. It is strong-
ly pleocbroic having X = very pale ye1lowiahbrown, Y = pale 
greenish-brown, Z dark brown. It occurs as small granular 
or subhedral individuals and, occasionally, as larger platy 
crystals of irregular shape which sometimes contain remnants 
of colourless monoclinic pyroxene and inclusions of biotite 
and earlier formed hornblende. The larger hornblende indivi- 
duals are sometimes surrounded by a zone of granular hornblende 
Indications of stress are seldom seen in the granular and 
subhedral hornblende, but the larger crystals often show 
shadowy extinctions and are sometimes distorted. 
The biotite is very strongly pleochroic from pale 
yellow or colourless to deep orange-red or foxy.-red. Occa-
sionally it has blood-red tints. It frequently occurs as 
nall flakes which show no tendency towards parallel develop-
ment. Sometimes large tabular individuals are found. There 
appear to be two generations of biotite present in the rock, 
the first occurring as email flakes included in the hornblende 
and the second, also in hornblende, as replacement biotite. 
Moreover, small biotites are sometimes found included in the 
larger platy biotites. Although abundant throughout the rock, 
biotite is not found associated with feldspar, but appears to 
be particularly abundant near and around serpentine pseudo-
morphs / 
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pseudomorphe after orthorhombic pyroxene. The serpentine 
pseudomorphs are pale yellow and sometimes faintly pleochroic. 
Some have a marginal zone which gives an aggregate polarisation. 
Feldspar is rather scarce and is generally represen-
ted by clay-like decomposition products. It occurs as granu-
lar aggregates which often have the outward form of laths. 
Fresh parts are found to be albite commonly showing clouding 
and shadowy extinctions. In places the albite has been re-
placed by analcite. Apatite needles are common as inclusions. 
Augite is very scarce and occurs mainly as remnants in crystals 
of hornblendc • More rarely small euhedral crystals of augi1 
are found. The augite generally contains many dusty inclu-
sions of black ore and is usually margined by rims of brown 
hornblende. The extinctions of the augite are always shadowy. 
Magnetite is the only other mineral of importance, occurring 
sparingly as small inclusions in hornblende and as dendritic 
aggregates. 
The leucocratic veins traversing the rock consist of 
pre1nite, usually in the form of fibrous needles. 
Foliated TTornb lend e-granulites of Littleton Trill Type 
The rocks of this type are best developed half a 
mile south-west of the summit of Littleton Trill where at least 
one / 
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one of the knolls consists entirely of this material. In 
hand specimen the rocks are similar to the unfo].iated type 
described above, but under the microscope they are easily dis-
tinguished by the segregation of feldspar and hornblende into 
L26) 
elongated areas with a roughly parallel alignment. Mineralo-
gical].y (J.204), the foliated types are also similar to the 
unfoliated types, except that some contain rounded phenocrysts 
of olivine. 
The feldspar is almost entirely of the fresh granular 
type and, as in the unfoliated rocks, consists in different 
masses of andesine or labradorite. Sometimes it is replaced 
by albite or by analcite. Some of the granular feldspar 
patches resemble the 'augen' often seen in gneisses. 
The hornblende is similar to that found in the Un- 
foliated type. In some slices many serpentine pseudomorphs 
after olivine occur. 	Fresh olivine (figure 21) has only been 
found in one slice. It is colourless and altered marginally 
to a pale yellowish-green pleochroic mineral, probably an 
amphibole. Surrounding the green mineral is a band composed 
of an aggregate of blebs of black ore and unidentifiable, 
highly birefringent, colourless material. The ore blebs are 
arranged in roughly parallel lines generally following 
the / 
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the outline of the crystal but sometimes e:ir1ing into vortices. 
At one point the material of the band can be seen penetrating 
the olivine crystal along cracks. Included in the olivine is 
a small patch of granular brown hornblende. 7.1sewhere in the 
slice are roughly circular areas consisting of colourless 
acicular prisms in a colourless ground. The relations of the 
two minerals preclude the determination of their refractive 
indices, and their identification is, therefore, difficult. 
The colourless prismatic mineral, however, appears to be allied 
to anthophyilite. These areas may perhaps represent altered 
feldspars. Zoisite occurs rarely in the rocks of this 
type. 
Balsilhie (1932) recorded a "schistose hornblende 
granulite", probably similar to the type described above, from 
a locality on the northern slope of Littleton Hill. 
Hornblende-schist 
This is the most altered member of Mort's (1909) 
series and an example has been found half a mile east-south-
east of the summit of Littleton Hill a few yards north of the 
Cloven Rocks (see figure 6). The rock is dark reddish-brown 
in colour and markedly schistose. Under the microscope 
(J.118, J.120) the schietosity is seen to be due to the parallel 
development / 
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development of abundant small biotite flakes which re strongly 
p].eochroic from colourless to deep foxy-red (figure 21). 
As compared with the foliated granulites of Little-
ton Hill, the schist is rich in biotite and apatite, and free 
from olivine. The feldspar is granular albite, generally 
untwinned, and is frequently represinted by turbid alteration 
products. Small apatite needles occur frequently as inclu-
sions in the feldspar. The hornblende occurring as grains or 
small subhedral crystals shows good cleavages. It is strongly 
pleochrolc from pale yellowish-brown to deep sepia. Occa-
sionally it has greenish-brown tints. It frequently contains 
numerous dusty inclusions of black ore and is occasionally 
altered to blotite. All the slices examined by the writer 
are traversed by veinlete of analcite and zeolite. 
Chemical -Composition of Granulitic Hornblende-schist 
The results of a chemical analysis of part of sped-
men J.120 and the corresponding norm are listed in the adjoin-
ing table. The composition of J.120 has all the characteris-
tic features of the more basic members of the spilitic suite; 
it is richer in iron oxides and MgO and poorer in SiO2 than 
average epilite (see p.48 ) and corresponds very well in bulk 
composition to nepheline-baaanite. Relative abundance of 
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iron oxides or VigO, or both, accompanied by low S102 appears 
to be a distinctive character of most of the members of the 
dolerite-granulite series of Ballantrae. 
In common with the other analysed specimens, the 
mode of J.120 differs considerably from the norm. The most 
striking feature is the abundance of nephelite in the norm. 
Only a little of this can be accounted for by modal analcite, 
unless the turbid alteration products of the original plaglo-
clase include this mneral (or perhaps a sodic zeolite) In a 
hidden form. Similarly, olivine is absent in the actual 
rock and the amount of modal biotite is insufficient to ac-
count for the high normative olivine. The balance of the 
latter and of nephelite are therefore most likely to be pre- 
ornblende which may thus be a highly basic, alumi- 
soda-bearing variety. The high percentage of A1203 
i te oc: 	t 	'.1 	h 	rcr'rti 'i o nr:i t: eTLbite and 
tT t t 
ted with the modal albite are rich in A1203 and CaO. The 
relatively high I(pO, corresponding to the presence of biotite, 
is consistent with the idea that there has been some introduc-
tion of this constituent during the alteration of the rock. 
Unless the rock was originally a nepheline-basanite, which 
seems very Improbable in view of the geological setting of 
the / 
94. 
the province, the basicity and soda-rich character of the 
rock can only be ascribed to change of composition during 
alteration. Introduction of alkalies, mainly !Ta20 1 but in 
this case including notable amounts of K20 2 is indicated, pro-
bably accompanied by iron oxides. SiO2 may have been lost. 
On this view the original rock could well have been an 
olivine-dolerite. 
Particular reference must now be made to an exposure 
some 90 yards due south of the summit of Littleton Hill. 
Thin slices cut from the rock show that the exposure contains 
a wide variety of types. In two of the slices (J.215, J.215a) 
a transition from a dolerite to a foliated granulite is seen 
(figure 25). 	Other thin slices (J.211, J.235-6) are granu- 
litic but unfoliated and show varying textures from point to 
point. Some are comparatively coarse, carryingquite larje 
subhedral hornblende in addition to granular hornblende, and 
exhibit traces of an original ophitic texture: others are 
much finer and hologranulitic. It is evident that in this 
one exposure, some 15 feet long, we find rock-types which 
correspond to the main types of xnelanocratic granulite found 
over a wide area of Littleton TT111. 
The only type which it is necessary to describe is 
that / 
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that having a more or less normal doleritic appearance. It 
Is little altered and has a medium to fine-grained groundmass, 
in which are disposed numerous phenocrysts of feldspar measur-
ing up to 0.7 cm. in length. Phenocrysts of olivine, usually 
serpentinized, and green hornblende also occur. The feldspar 
phenocryste are usually fresh labradorita but some of them 
have suffered slight sericitization and chlorltization. 
Most have been subjected to stress as indicated by the occur-
rence of curved and broken crystals, by the development of 
pericline twinning and by shadowy extinctions (figure 24). 
Where they have been fractured the cracks have been filled by 
the groundmass of the rock. The olivine phenocrysts are 
subhedral and usually altered to deep green serpentine. 
The grouridmass consists of feldspar and brown horn-
blende, the latter being granular. The texture is markedly 
granophitic, especially in that part of the rock furthest 
from the junction with the foliated type. In this part too 
the proportion of hornblende is smaller but retains its granu-
lar nature. Some parts of the groundmass are very fine-
grained and under a low power appear to be interleaved with 
coarser material. Under a high power the fine areas are seen 
to be richer in magnetite and green hornblende and poorer in 
brown hornblende than the coarser areas. 
It' 
96. 
It is possible that this rock is identical with one 
described by Balsilhie (1932 9 p. 121) in which "granulitic 
bands alternate with ......... 'porphyrite' with distorted 
'phenocrysts' of feldspar". 
Other Hornblende-granulites 
Type A. 
Granulites of this type are beat developed in the 
area north of Prieston Hill (see figure 6) near many of the 
pyroxene-.granulites. Other representatives are exposed at 
several places on Claughanton Hill and at two points on Bal-
hanile Hill. The rocks are macroscopically similar - except 
for a somewhat darker colour - to the pyroxene-granulites. 
Sometimes small feldspar laths can be seen embedded in the 
melanocratic groundrnaas. In one specimen from a locality in 
the moorland region east of the Garnaburn-lendalfoot road, 
small scale faulting can be observed displacing late leuco-
cratic veins. 
Microscopically (T.28, T.45, J.134, J.137), the 
typical rock is seen to consist largely of feldspar and horn-
blends (figure 2 ). The feldspar is sometimes fresh and un-
altered but is normally somewhat clouded by clay-like or 
saussuritic alteration products; when fresh the dusting 
commonly / 
97. 
commonly ascribed to thermal metamorphism is frequently recog-
nisable. Determinations of the relative refractive indices 
and other optical properties show that the feldspar has the 
composition of labradorite. In some masses, however, it has 
been partly replaced by albite. 1ost of the feldspar is 
granular, the grains measuring some 0.3 mm. in diameter. 
In some slices it is evident that the granular aggregates have 
been formed by the breaking-down of original lath-shaped 
feldapars. The remains of ophitic textures can occasionally 
be seen. In other slices large ungranulitized feldspars are 
found, but they are frbquently bent and fractured. Still 
other examples have been granulitized marginally. Whether 
granulitized or not, however, the feldspar usually exhibits 
strain phenomena and is seldom twinned. The rock developed 
on BaIhainie Hill is free from large ungranulitized feldspars 
but contains numerous small slightly bent laths which are 
often internally granular. 
Hornblende, strongly pleochroic from pale yellowish-
brown to dark brown, is very abundant, generally occurring as 
small poorly developed crystals and anhedral grains; occa-
sionally small euhedral crystals are observed. In sections 
of the rock from Balhamie Hill it sometimes appears as moderate 
sized irregular plates which are usually somewhat distorted. 
Otherwise / 
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Otherwise strain effects are seldom observed in the hornblende. 
Pyroxene is generally of rare occurrence in the 
granular groundmaas of these rocks but is quite abundant in 
the exposures on Paihamie Hill and in two of the exposures on 
the west-south-west slopes of Claughanton Hill. Only in one 
instance has it been found in any considerable quantity in 
the eastern moor region. When it does appear in the ground-
mass it is granular, rarely subhedral, and consists of colour-
less or pale green augite. Augite phenocrysts, often pale 
brown in colour are found in some slices. In one slice a 
large twinned crystal was encountered having a core of unal-
tered augite and a margin of brown hornblende like that found 
in the groundinass of the rock' between core and margin there 
Is a wide transition zone in which every stage of the replace-
ment of augite by hornblende can be observed. This large 
phenocryst has apparently escaped the effects of ranulitiza-
tion, though the feldspar adjacent is thoroughly granular. 
Magnetite, the most Important accessory, is sparsely 
scattered as small blebs and irregular pathes. It 18 gene-
rally associated with hornblende, but sometimes occurs as 
dusty inclusions in pyroxene. Apatite occurs as rare inclu-
sions in feldspar, especially where the latter is albite. 
The rocks are frequently veined both by pectolite 
and zeolitea, and on occasion by green hornblende which some- 
times / 
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sometimes exhibits the blue-green tints of the amphibole in 
some of the dolerites (see p. 12. ). 	It is evident from cross 
cutting relations that the green hornblende veins were intro-
duced first and were followed by the pectolite-zeolite veins. 
In one exposure veins of the latter crnposition are displaced 
by small-scale faulting, some of the fault-planes being occu-
pied by serpentine which must therefore have been introduced 
after the pectolite-zeolite veins. The sequence of events 
is here very clearly demonstrated: 
granulitization 	hornblende veins 	pectolite- 
zeolite veins 	faulting 	introduction of serpentine. 
A granulite found intruding 'Deafstone' type gabbro 
east of the summit of Claughanton Pill may be regarded as a 
variety of this granulitic type. It differs considerably in 
texture, however (J.23) 9 for no indications of normal igneous 
textures have been found. 	The feldspar is mostly fresh and 
granular, but small crenulate laths occur rarely. In some 
instances the laths consist of aggregates of granular feldspar 
Shadowy extinctions and pericline twinning are found but 
rarely. Two kinds of hornblende occur in the rock. The 
first is abundant and widespread throughout the mass. It is 
greenish-brown in colour, slightly pleochroic, and occurs as 
small irregular or aubhedral individuals. The second is 
confined / 
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confined to clots consisting almost entirely of slightly pieo-
chroic green hornblende. The individuals are euhedral and 
generally larger than those of the first kind. All the horn-
blends crystals give sharp extinctions. In the cores of some 
of the clots colourless, granular augite is found. Also as-
sociated with the hornblende of the clots are small flakes of 
biotite which are strongly pleochroic from pale brown or 
colourless to dark orange-brown. The biotite seems partly to 
be a replacement product of hornblende and partly of augite. 
This variety of hornblende-granulite is rare in the 
district, having been found only at two points on Baihamie 
Hill near the 450 contour. The rocks are similar to those of 
Type A macroscopically, but differ under the microscope (J.175, 
J.178). The texture is similar to that of Type A (figure 30) 
though indications of the previous nature of the rock, such 
as phenocryats and ophitic texture, are usually lacking. 
Occasionally, lath-shaped feldspars with somewhat crenulate 
margins indicate that hot residual fluid played some part in 
the final construction of the rock. Mineralogically these 
granulites are rather different from those of Type A. Pyro-
xene is very scarce and the feldspar is almost always replaced 
by zeolitic aggregates. The replacement appears to have 
occurred / 
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occurred after the rock was otherwise consolidated for some 
of the zeolitie pseudomorphe retain their erenulate margins. 
The hornblende is similar to that found in Type A. Small 
serpentine pseudomorphs after orthorhombic pyroxene are 
occasionally seen. Small flakes of orange-red biotite are 
generally associated with the serpentine but are not found in 
other parts of the slices. Some slices are traversed by 
zeolite veins from which the material of the pseudomorphous 
aggregates after feldspar appears to have been derived. 
Type C. 
The granulites of type C, though not widely dis-
tributed in the serpentine area, are developed on a consider-
able scale on either side of the Garnaburn valley. The rock 
is similar in appearance to the other granulites but is sons-
times dark green rather than dark brown in colour. Jointing, 
usually rectangular, is so closely developed in some masses 
that it is extremely difficult to collect hand specimens of 
reasonable size. Many of the exposures are traversed by 
soda-ayenite veins similar to those which traverse the dole-
rites of type 2 (see p.*13 ). 
Under the microscope (6.19, J.14-18), the granulites 
of Type C are observed to be hologranulitic (figure 31 ) ex-
cept in a few places where traces of non-granulitic ophitic 
texture / 
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texture are preserved. Mineralogically the rocks consist cf 
feldspar and hornblende and black ore, together with small and 
varying amounts of augite, diopside, apatite and biotite. 
The feldspar which is usually fresh and water-clear is granu-
lar, the grains measuring some 0.07 mm. In diameter. Lath-
shaped feldspar occurs rarely and is turbid due to replace-
ment by decomposition products of such fine-grain that they 
cannot be identified. The turbidity of the laths is con-
fined to the centres of the crystals, the margins being fresh 
and water-clear as in the granular feldspar. The laths in-
variably have crenulate margins. The granular appearance of 
the feldspar is sometimes misleading. At first glance, 
what appear to be separate equidimensional grains are seen, 
on closer examination, to be in optical continuity and to be 
connected by narrow necks. It seems that in these instances 
the feldspar is to be regarded not as truly granular but 
rather as very deeply indented laths. The 'granulation' is 
therefore, a replacement effect. The feldspar is seldom 
twinned but other optical properties enable it to be iden-
tified as labradorite. In many slices, however, much of tke 
calcic feldspar has been replaced by albite, and in a few 
cases the latter mineral has been altered In turn, to analcite. 
Strain effects are seldom seen in any of the minerals com-
posing / 
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composing the granulites of this type. 
Hornblende, sometimes granular, is usually present 
as small subhedral to euhedral crystals. It is evenly dis-
tributed throughout the rocks, except that locally it may be 
concentrated to form clots in which the individual crystals 
are crenerally larger and better formed than in the grouridmass. 
The hornblende differs from that commonly found in the other 
granulites of the Ballantrae district. It is strongly pleo-
chroic with X = pale yellowish-brown, Y = pale yellowish-green, 
Z = brownish-green. 
The most abundant accessory mineral is titaniferous 
magnetite, occurring as srnallirregular blebs usually associa-
ted with hornblende. Apatite, as small needles, and biotite, 
as small, strongly pleochroic flakes, appear rarely. 
Chemical Composition of Fornblende-granulite of Type C. 
The chemical composition and norm of specimen S.19 
are listed in the accompanying table. Compared with the 
other analysed rocks of the series (see table on p.168.) the 
hornblende-granulite of Type C is seen to be unusually rich 
in iron oxides and T1 2 as well as in S102 and Na20. The 
actual rock, however, is not especially rich in black ore, 
and since the bulk of the high iron oxides of the analysis 
consists of FeO, it seems probable that the hornblende of 
the / 
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the rock must be rich in FeO. Part of the T109 1 which is 
exceptionally high, is also likely to be accommodated in the 
hornblende. The latter must be of very different composition 
from that of the hornblende of the analysed schistose type, 
3.120 (p,V ). Besides the differences indicated, it is 
likely to be relatively poor in A1203 and richer in S12. 
As in other rocks of the series there is evidence of intro-
duction of TUL20 2 possibly accompanied by iron oxides. Com-
plementary to the abundance of these constituents are the 
relatively low percentages of A1203 and CaO in the rock 
the latter may to some extent have migrated from the originsl 
rock to form veinlets of caic-aluminous silicates elsewhere. 
The high SiO2 of the rock may be partly due to introductions 
accompanying albitizatbon, but this has not occurred general-
ly, and, taking into consideration the low MgO, it seems more 
probable that high SiO 2 was an original feriture, the rock 
having been an olivine-poor or olivine-free ophitic dolerite 
to begin with. 
On the moor to the east of the Garnaburn-Lendalfoot 
road a similar but rather coarser granulite (figure 32 ) is 
exposed. In some slices (3.312) blastophitic texture can 
be distinguished. The mineral composition is similar to 
that / 
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that of the finer-grained type described above, except for 
higher proportions of biotite and pyroxene. The latter 
mineral occurs both as granular individuals and as larger 
phenocrysts. It is generally augite of a pale green colour, 
and may be seen in every stage of conversion to hornblende. 
The biotite occurs frequently as small flakes, and sometimes 
as larger irregular plates. It is strongly pleochroic from 
-ile brown to deep orange-brown and is apparently an altera-
- ion product of hornblende. As in the finer-grained variety 
this tye of crenulite, strain pherornena are unc'rnon. 
yioxene Granulite 
LUI1L:S i this type are not abundant within the 
belt. They are best seen in 
te moorland region east of the Garnaburn-Lendalfoot road 
iere a good exposure occurs on the right bank of a westward 
1owing tributary of the Garna Burn. Smaller exposures occur 
-:1 the southern flank of BaThamie Hill some 150 yards from the 
summit, and on the eastern flank of Claughanton Hill near the 
450 foot contour. 
The rocks are fine-grained and compact, and vary in 
colour from dark grey to black. Under the microscope the 
mineral constituents, chiefly feldspar and pyroxene, are 
normally / 
106. 
normally fresh. The texture is almost completely granulitic,  
but In the rock slices examined (T.49, J.2, J.177) distinct 
traces of original ophitic texture are seen, together with 
well preserved phenocryata of feldspar, pyroxene and olivine. 
The typical feldspar Is fresh and granular. Some-
times, however, phenocryste measuring up to 3.0 mm. long are 
seen (figure 35), They are often fractured and partly granu-
litized and also exhibit stress phenomena such as faulted, 
bent and cracked crystals, bent twin-lamellae and, more 
rarely, pericline twinning. Other smaller feldspars are 
lath-shaped and have crenulate margins. The feldspar has 
the composition of labradorite. The grains of the more com-
mon granular feldspar measure some 0.2 mm. in diameter which 
is somewhat finer than in most of the other granulites. They 
are generally untwinned and seldom show stress effects. 
Slight dusting of the kind which is usually ascribed to ther- 
mal metamorphism (Macgreor, 1931) is widespread. 	Like the 
phenocrysts, the granular feldspar is labradorite. 
Monoclinic pyroxene, which is usually colourless, 
is sometimes pale brown in bulk owing to the abundance of 
minute inclusions of brown hornblende possibly due to replace-
ment. The larger phenocryste are subhedral but the smaller 
crystals are generally equldlmensional and quite granular. 
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The phenocrysts are occasionally strain-shadowed and some-
times have granular margins. The pyroxene is frequently 
schillerized as a result of the concentration of brown horn-
blende and dusty specks of black ore along the cleavages. 
The ore may be so abundant as to render the pyroxene black in 
ordinary light. The presence of schiller may be the only 
andication of the formation of secondary hornblende, but, on 
ccaaion, pyroxene crystals are seen with a narrow marginal 
-one of brown amphibole. Hornblende is otherwise scarce. 
ta general scheme of pleochroism is X = pale yellowish-brown, 
1 E. rellowish_brown, Z = moderately dark brown. 
Olivine occurs as moderate sized subbedral pheno- 
rysts, usually showing shadowy extinctions and granular mar- 
ins. It is frequently cracked, the crevices being lined 
ith an abundance of black ore. In the rock developed on 
laughanton Hill the granular matrix has occupied the cre-
vices in some parts - a possible evidence of gas action. 
The iizir 	 eici ecentinised. 
of bro'n DrTh1eno. 	In 
c.he matrix of the rock the hornblende is more abundant in the 
vicinity of olivine than elsewhere. 
Magnetite, sparsely scattered throughout the rock, 
is the only other mineral of importance. It is associated 
particularly / 
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particularly with hornblende and pyroxene. The feldspar 
sometimes includes small needles of apatite. 
Type 2. 
This type of pyroxene-granulite is considerably 
more abundant than that described above and is particularly 
well developed in the moorland region east of the Garnaburn-
Lendalfoot road. Other examples occur on Claughanton Hill 
and BaThamie Hill. 	The granulite occurrence which is seen 
branching in serpentine belongs to this type. It does not 
have fine-grained edges. 
The pyroxene-granulitea of Type 2 cannot be dis-
tinguished from those of Type 1 except under the microscope. 
A porphyritic variety occurs in the region south of Knockdaw 
Hill. All the rocks of this type are well jointed and, 
though compact and tough, cleave readily along the joint 
planes. 
Under the microscope (J.2 1 J.3 9 J.5) a somewhat 
wide range of texture can be observed. Some of the rocks 
retain obvious igneous textures (e.g. ophitic texture) in a 
very slightly modified form, while others are largely granu-
litized (figure 31). The texture may vary from one exposure 
to another, in different parts of the same exposure, and, 
sometimes, within the area of a single rock slice. The 
feldspar / 
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feldspar is commonly represented by turbid alteration products 
sometimes saussuritic but generally clay-like. This tur-
bidity of the feldspar is perhaps the most striking difference 
between the pyroxene.-granulites of Type 2 and those of Type 1. 
While the turbid nature of the feldspar generally precludes 
its identification, the shape of the original mineral at the 
time of its alteration is not usually obliterated. Thus it 
appears that when the alteration occurred some of the feldspar 
was granular and some was in the form of laths. The altera-
tion occurred, therefore, after the granulitization. Where 
the feldspar is fresher it can be determined as labradorite. 
As developed in the rocks on Claughanton Hill and Balhamie 
Hill it sometimes exhibits shadowy extinctions and pericline 
twinning, but in the moorland area it is usually unstrained. 
Monoclinic pyroxene is abundant in the granulites 
of this type. It is normally colourless but in the rock on 
Claughanton Hill it is pale green. The pyroxene occurs as 
moderate-sized, subbedral crystals which are generally un- 
strained, and as grains apparently formed by the breaking down 
of larger crystals. Sometimes the larger, ungranulitized 
individuals have an aggregate polarisation as if foreshadowing 
the granulitic condition. In some slices the pyroxene forms 
a vermicular intergrowth with another mineral which is not 
always / 
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always identifiable but can sometimes be proved to be brown 
hornblende. The granular pyroxene is usually free from in-
clusions: the larger ungranulitized individuals are frequent-
ly crowded with innumerable dusty inclusions of black iron 
oxides. Skeletal iron ore is seen rarely. The larger 
pyroxenes also contain a considerable amount of schiller 
material which is often brown hornblende. Sometimes, how-
ever, it seems to be rutile in the form of very minute bluish-
black rods. 
Hornblende is not abundant, though more common than 
in the pyroxene-granulites of type 1. It is strongly pleo-
chroic from pale yellowish-brown to a deep sepia, and is some-
times partly serpentinized. Several stages of the replace-
ment of pyroxene by hornblende can be distinguished, often 
within the area of one rock slice. There can be no doubt 
that most of the hornblende is of deuteric origin. 
The most important accessory mineral is black ore, 
largely confined to inclusions in the pyroxene and hornblende. 
It is often dusty, but also occurs as larger tongues and 
patches of irregular shape. Pseudomorphs of serpentine 
after olivine and orthorhombic pyroxene occur rarely. 
Most of the rocks of this type are frecuently 
veined by prebnite, pectolite, and zeolites, and, less com- 
monly / 
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commonly, by green hornblende, serpentine and analcite. 
All the veining has occurred after granulitizati on but it is 
not always possible to determine the time-relations of the 
various vein minerals. It appears, hov:ever, that the first 
to be introduced was green hornblende. The veins of this 
mineral do not have fine-grained edges, and sometimes brown 
hornblende in the vicinity of the veins has been replaced by 
the green amphibole. Later the rocks were veined by prehnite, 
pectolite and zeolites which appear to be of approximately 
the same age for their relations with one another are not 
constant. The veins of these minerals have fine-grained 
edges. In one rock slice a vein of analcite cuts a vein of 
pectolite. A few veins of serpentine occur. Some of them 
are cut by the zeolitic and associated veins but in other 
places the latter are intersected by the serpentine veins. 
Chemical Composition of Pyroxene-granulite of Type 2. 
The table opposite shows the results of a chemical 
analysis of part of specimen J.3 9 together with the corres-
ponding norm. The analysed material was free from macros-
copic veinleta but may have contained microscopic stringers 
such as are seen in slices cut from the same specimen. 
Like the dolerite of Type 3 (see table on p.18a.) 
the! 
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the pyroxene..granulite of Type 2 has high A1203 and CaO. 
To some extent this must be accounted for by the composition 
of the alteration products of feldspar complementary to 
albite. It would appear, however, that in this case the 
alteration products also include sericite, since the rock 
contains high K20 and yet is free from biotite. Since only 
a small amount of the nephe].ite of the norm can be accounted 
for by analcite, which is a very rare constituent, it is 
likely that, as in other cases, it is accommodated, together 
'ith much of the normative olivine, in the hornblende that has 
partly replaced pyroxene. In this respect the rock appears 
to represent a half-way stage towards the more complete al-
teration to hornblende in J.120 (p.Z ). This interpreta-
tion is consistent with the relatively lower Na20 and the 
less complete albitization of the plagioclase. J.3 is also 
low in iron oxides and TI021 corresponding to the relative 
paucity of black ore In the actual rock. The original rock 
was probably an olivine-dolerite of much the same type as 
the parent rock of J,120, but in which there has been less 
albitization and amphibolization, and In which sericitiza-
tion of feldspar appears to have occurred instead of bioti-
tization of hornblende. 
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Genesis and Age 
The granulites which have attracted most attention 
in the past are those occurring on Littleton Hill. In Eal-
sillie's (1932) words "it is doubtful if there are in the 
Ballantrae region any more puzzling or fascinating rocks 
•••.•..... fie, 
In the Geological Survey Memoir (1899), Teall con-
sidered that some of the "granulitic rocks, exposed in small 
isolated masses within the serpentine area [of Littleton Hill] 
suggest the probability of their present structures being due 
to contact metamorphism", presumably by the enveloping serpen-
tine, while others occurring near the summit he considered to 
show "more or less foliation probably due to dynamic action". 
He cautiously conjectured that: "If they represent an altered 
phase of the porphyritic diabase-lavas, then the matrix must 
have been entirely recrystallised". 
This hypothesis is unsatisfactory, for two rock-
types almost identical mineralogically and sharing granulitic 
texture in common are attributed to two contrasted processes 
of metamorphism. This, despite the facts that the two rock-
types are closely related in the field, and that some of the 
foliated types exhibit mere traces of parallel structures. 
An attempt to rationalise the origin of the various 
types / 
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types was made by Mort (1909). He claimed that the Littleton 
Trill granulites exhibited various stages of the progressive 
dynamic metamorphism of an unaltered olivine-dolerite to a 
hornblende-schist, in a manner similar to that demonstrated 
by Teall (18) in the case of the Scourie dyke. Mort argued 
that "the closeness of the outcrops to each other in the 
field, and the fact that one extreme type is seen to merge 
gradually into the other, show conclusively that the different 
rocks described are not disconnected outcrops, but modifica-
tions of the same original rock type". He realised, however, 
that there were several anomalies:- 
That dynamic metamorphism alone could not account 
for recrystallisation on such a large scale. 
That in the altered dolerite (Mort's type 2 1 see 
P.(.%. of this thesis) the augite is granular 
while the more brittle feldspar shows no traces 
of crushing. 
That the hornblende-olivine-gabbro (Mort's type 3, 
see P. e8. of this thesis), although holo-
granulitic, contains olivine phenocrysts which 
show no signs of stress. 
That many of the rocks have a hornfelsed appearance 
in hand specimens. 
Mort, therefore, concluded that, while the granu-
litic and foliated rocks were all developed from olivine-
dolerites, "dynamo-metamorphism in this particular instance 
00009*00** Is insufficient to explain the phenomena." 
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The chief objecUon to this hypothesis of dynamo-
metamorphism apart from those indicated by Mort himself, is 
that the various types are distributed hhazardly. Although 
the least altered types are found only near the summit, re-
presentatives of the most altered granulites are of widespread 
occurrence on the southern and south-western slopes, and some 
of them are found in close proximity to the least altered 
types. Moreover, in an exposure about 90 yards south of the 
summit of Littleton Hill representatives of several of Mort's 
transition types may be found in an exposure some 15 feet 
long. In addition, while all Mort's transition types are 
found south or south-west of the summit his most altered re-
presentative, a hornblende-mica-schist, is found half a mile 
south-east of the summit. 
a4silhie (1932) also objected to Mort's proposals 
on the ground that, at ?alhaxnie Fill "some of the finest 
dioritic schists and granulites occur in close proximity to 
dolerites that are almost unchanged". 
Nevertheless, although it cannot be eonsidred as 
being due to dynamo-metamorphism, it is clear that a series 
of rock-types transitional between olivine-dolerite and 
hornblende-schist does indeed exist on Littleton Hill. 
vrreU (1909) also believed that the granulites 
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of Littleton Hill had been produced by the metamorphism of 
doleritic rocks. He thought that the chief agent involved 
was heat, which accounted for the freshness of the constituent 
minerals and for the granulitic texture. 'Stress, he con-
tinued, played a minor part, as indicated by bent feldspars, 
faulted crystals and secondary pericline twinning. He re-
garded the parent rocks as basic igneous intrusions with 
local ultrabasic modifications such as hornblende-pictite. 
He discarded the hypothesis that the granulites had been pro-
duced from øpilite lavas on the following grounds:- 
The composition of the spilitee is uniform and 
highly feldspathic. Hence, highly maf Ic types 
could hardly be formed by their metamorphism. 
No traces of amygdales have been found in the 
granulites; yet Harker (1904, pp. 50-54) has 
shown that such structures itill survive even 
when the original rocks have been entirely 
recrystallised. 
Tyrrell concluded that "the rocks of Littleton Hill 
must be regarded as relics of an older mass of dolerite or 
gabbro enveloped by the later serpentine. The dynamic effects 
may perhaps be regarded as due to the disruptive 
action of the serpentine intrusion. Many of the dolerites 
and gabhroe of the district are certainly later than the ser-
pentine, but these do not show the abnormal appearance of 
the Littleton Hill rocks". 
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This hypothesis has the merit of accounting for the 
hornfelsed appearance of some of the rocks but is not suppor-
ted by the field evidence. If the masses are to be regarded 
as xenoliths caught up in and metamorphosed by the serpentine 
(or its ancestral peridotite) when it was intruded, one would 
expect to find that the smallest masses had suffered the 
greatest recrystal1isation conversely the largest masses, 
especially in their interiors, might be expected to have suf-
fered the least recrystallisation. No such relationship be-
tween the size of a mass and the extent of its alteration has 
been discovered. Indeed in some areas the larger masses ap-
pear to have suffered greater recrystallisation than the 
smaller masses. Moreover, if Anderson (196) is correct, 
the ultrabasic body, when it was intruded, caused severe mar-
ginal shearing in the country rocks, and as Tyrrell himself 
has stated, dynamic effects in the Littleton Hill granulites 
are of a minor nature. Further, there is no justification 
for supposing the granulitic rocks of Littleton Hill to have 
been derived in a way greatly different from the granulites 
in other parts of the Ballantrae district, for they have many 
features in common. Among these features are:- 
The retention of traces of doleritic textures (cf. 
pp. 96 and 97 ). 
The chemical composition (see p. 
/ 
the cont.itueiit 	ei-i 
. qo and 102 ). 
Dccurrence of albitization and analcitization 
f• pJ) • qz and 
:reat weight should be placed on the fact that 
Hill granulites are particularly rich in brown  
rnb1ende. In granulites from other parts of the Eallantrae 
istrict every gradation in the content of hornblende and 
n'y be Been, 
'he writer, therefore, cannot agree that the rocks 
Attleton Hill are to be regarded as xenoliths in the aer-
';entine. He does agree, for the reasons stated by Tyrrell 
imself, that the granulites of Littleton Hill were derived 
rom parental dolerites and gabbros rather than from spilites, 
nd that the cause of the granulitization was mainly a ther-
- -1 effect. 
a1sill (1932)believed that the Littleton Hill 
roc 	were sheared and granulitised originally banded diori- 
do gabbros or dolerites" and that the pseudo-porphyritic 
types were originally coarse gabhros which had been broken 
own, to give their present characters. He did not think 
that widespread dynamic forces had been operative, on the 
crounds that the strike of the structural planes is not con-
stant and the adjacent serpentine is of the normal bastitic 
type / 
;jpe aac quite unaiered. He coiciued th&t he L-uci , b appear 
have been reconstituted by powerful stresses immediately 
er having assumed the solid phase. The masses may have 
nally introduced into variously, although consia- 
H 	 riented rifts in the peridotite, vhich tending to 
lose up on the still hot rock bodies resulted in their re- 
'I 
- 	S 
The writers interpretation of the genesis of all 
tee corresponds in some respects with that sugges-
by Ialsillie for the Littleton Hill granulites. He thinks 
yr 	that the reconstruction occurred before consolida- 
plete. 
.lsillie (1937) believed that the granulites else- 
e district had been formed by the recrystallisa- 
ion, by widespread thermal or regional metamorphism, of 
itic and gabbroic rocks, after their intrusion into 
otite but before serpentinization occurred. Balsillie's 
?ly on the evidence furnished by one 
of the Garna Burn some 600 yards 
- orth of Garnaburn Farmhouse, where a granulitic rock can be 
een branching within the serpentine (see p. 108 ). Balsillie 
claimed that the branching veins showed conclusively that the 
ancestor of the granulite was intrusive into the ancestor of 
the! 
-I 
the serpentine and, hence, that the metamorphism to which the 
granulitization was due must have occurred after the ancestral 
peridotite had been emplaced. Any similar metamorphic effects 
induced upon the peridotite, he claimed, would be obscured by 
later aerpentinization. 
The writer disagrees with Baleillie that the bran-
ching of the granulite in the serpentine proves the ancestor 
of the granulite to be intrusive in the ancestral peridotite. 
The parent rock of the granulite might well have been caught 
up as a xenolith in the peridotite during the latter's intru-
sion and metamorphosed and rheomorphosed by it. Baleilhie's-
point may be allowed, however, for in the Millenderdale region 
(see p. 14i ) granulitic veins are seen to traverse foliated 
gabbro of later formation than the ancestral peridotite. 
The granulites at Vilillenderdale could obviously not have been 
metamorphosed and rheomorphosed by the peridotite, and it is 
a reasonable corollary that the granulitic veins north of 
Garnaburn were also not produced in this way. 
Balsillie's conclusion that a later serpentiniza-
tion would hide any metamorphic effects induced upon the 
parental peridotite might also be allowed but for the fact 
that on Baihamie Fill, not far to the west of Garnaburn, 
there occurs an exposure of serpentinous dunite (see p.53 ) 
in! 
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in which the original minerals are preserved. No metamorphic 
characters have been induced on this part of the peridotite 
despite the fact that some 300 yards distant there is developed 
one of the finest granulites in the whole of the Ballantrae 
district. Even more significant is the fact that in the 
flillenderdale region mentioned above (see also p. I1i ) and on 
Claughanton Hill (see p.qq ) granulitic veins are seen to 
cut gabhroic rocks which show comparatively little sign of 
having been granulitized. Here is conclusive proof that the 
granulitization is due, not to external metamorphic influences 
whether dynamic, thermal, or regional, superimposed upon an 
igneous rock, but rather to late consolidation effects due 
partly to causes within the granulitic rocks themselves and 
partly to the peculiar conditions of environment. 
Now the patchy nature of the alterations in many of 
the doleritic rocks examined by the writer indicates that the 
altering agents were only locally active. They are, there-
fore, in all probability to be regarded as of a hydrothermal 
or pneumatolytic nature. Moreover, since the feldspar in 
the more altered members of the dolerite-granulite series is 
frequently albitized and analcitized (see pp. U and 'oi.) 
and the pyroxene is frequently amphibo1ized, these fluids 
or gases were probably rich in sodium and iron carbonates. 
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The least altered dolerites (Types 1 and 4) are 
characterised by turbid or saussuritized feldspars and by 
chioritized ppvoxenes and amphibolee, phenomena commonly attri-
buted to the action of "cool" gases or hydrothermal fluids. 
These but little altered doleritea are otherwise similar to 
ordinary dolerites and have typical igneous textures. Other 
dolerites (Types 2 and 5), however, while remaining typically 
igneous in bulk, exhibit in patches textural features which 
enable a series of stages intermediate between dolerite and 
granulite to be recognised. 
In the first stage straight-edged turbid feldspar 
laths are seen to develop slightly crenulate margins of fresh 
clear feldspar (see pp. il). 	24. At the same time stringers 
of clear granular feldspar may be seen traversing otherwise 
turbid laths (see p. 9 5  ). Viben the feldspar is widely affec-
ted in this way the texture of the rock becomes blastophitic 
(see p.'11 ). In subsequent stages the clear marginal areas 
become broader and penetrate inwards until the original turbid 
laths are completely replaced by the fresh clear variety. 
Much of the fresh feldspar so formed exhibits the dusting which 
is commonly recognised as due to thermal metamorphism but which 
might equally well be due to the continuing passage of gases 
through the crystals (see pp • 91 and 106 ). At the same time 
the lathe may become more deeply crenulate, until, unless a 
very " 
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very close examination 16 made, they appear to be granular 
(see p. /OZ ). 	If, however, the laths do not become more 
deeply crenulate, clear granular feldspar is commonly develo-
ped marginally (Bee p. 85- ) and may eventually proceed through-
out the laths, producing an aggregate of granular feldspar 
which is pseudomorphous after lath-shaped feldspar (see pp. 
i and % ). Finally, in the most altered members of the 
series nearly all the feldspar becomes equidimensional. 
The granulitization is not of course confined to the feldspar 
in the rocks. The pyroxenes and amphiboles also become 
granular, though the latter minerals, probably because of 
their superior force of crystallisation, are also frequently 
developed as small aubhedral prisms. 
The patchiness of the alteration in many of the 
rocks, the freshness of the constituents, the crenulate laths 
and the stringers of clear feldspar, together with the general 
absence of strong stress effects, Indicate that the altera-
tion was probably due primarily to hot residual fluids and 
gases. It is clear too that much of the alteration and 
granulitizatlon occurred before the rock was completely con-
solidated. This is evidenced by the fact that in some of 
the rocks the thoroughly granular material of the groundrnass 
is seen to occupy the cracks in fractured and ungranulitized 
phenocrysts / 
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phenocryats of feldspar (see p. 9 ) and olivine (see p. q j ). 
The presence of granu].itized feldspar in contact with ungranu-
litized phenocrysts of augite (see p. q8 ) and of granulitized 
hornblende in contact with ungranulitized olivine in other 
rocks (see p.'? / ) points to the same conclusion. 
It has been stated that the alteration is due pri-
marily to the action of hot residual gases and fluids. It 
is doubtful, however, if these agents alone would be capable 
of causing granulitization. Certainly they cannot be held 
to account for the foliation observed in some of the granu-
lites of Littleton Hill, or for the hornblende-schist in the 
same region. Dynamic effects are evidenced by the frequent 
occurrence of bent and cracked crystals, curved twin-lamellae, 
shadowy extinctions and pericline twinning. It seems, 
therefore, that during the last stages of consolidation and 
the accompanying granulitizatlon there was an insufficiency 
of space to enable the rock to crystallise in a normal manner. 
This can reasonably be ascribed to the squeezing together of 
the walls of the intrusions. Such squeezing might be due to 
the operation of mild orogenic stresses, though there is no 
evidence of this. It is much more probable that the rocks 
of the dolerite-granulite series were intrudcd into the pen- 
dotite at a time when the latter rock was being aerpentinized. 
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The resultant expansion of the ultrabasic rock would be quite 
sufficient to exert a considerable pressure on the walls, 
tending to close them. This 'serpentinization pressure' 
hypothesis is perhaps supported by the fact that in an exposure 
of hornblende-granulite of type 'A' east of the Garnaburn-
Lendalfoot road, small-scale faults are seen to be occupied 
by serpentine veins (see p. 9 9 )• The segregation of the 
feldspar and hornblende and the occurrence of 'augen struktur' 
in the foliated granulites of Littleton Hill (see p.90 ) might 
now be explained as due to their crystallising during strong 
upward flowage of the crystal mash, the flowage being caused 
by the squeeze from the wails of the intrusion, assisted per-
haps by a flow of gas through the partially consolidated rock. 
The hornblende-schist (see p. qj ) could also be accounted for 
in this way since any biotite generated under such conditions 
would tend to develop parallelism. 
The presence of ungranulitized veinleta of albite 
and analcite in many of the rocks clearly indicates the con-
tinuance of pneumatolytic or hydrothermal acticity after the 
rocks had been granulitized and had otherwise consolidated. 
Another evidence of continuing pneuinatolytic action is affor-
ded by the post-granulitization alteration of the feldspar in 
the pyroxene-granulites of type 1 2' (see p. ioq ). 
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In short, it appears that hot residual fluids or 
gases acting upon the partially consolidated rocks at a time 
when they were subject to strong upward flowage caused by a 
tendency of the walls to close, would account for all the 
phenomena observed in the rocks of the dolerite-granulite 
series. 
The origin and age of the albite-eyenite and albite-
granite veins in the dolerites of type 1 2' remain to be con-
sidered. There is little evidence to indicate at what time 
they were emplaced. Some which do not have fine-grained mar-
gins were probably introduced into the dolerites while the 
latter rocks were still hot. Others, with fine-grained edges 
appear to have been introduced after the dolerites had become 
cooler. Such veins are common in dolerites in other districts 
as late mgaiatic residues squeezed into cracks, and the veins 
considered here are probably similar. It is possible, how-
ever, that they represent rheomorphic sialic material fused 
and transported by the basic magma during its ascent. The 
occurrence of granitic veins, however, may imply a later 
silicification related in some way to the silicification which 
affected many of the fragments in the agglomerate on Prieston 
Hill (see pp. Is' and 1 61 ). 
Summary / 
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Summary of Conclusions 
The dolerites and granulites of the BaJ.lantrae 
district may be considered as a series, the end-
numbers being linked together by many transi-
tional varieties. 
The grariulitization is interpreted as a late con-
solidation effect, due to the peculiar condi-
tions under which the rocks crystallised. It 
is suggested that the main agents causing granu-
litization were pneumatolytic gases and 
'serpentinization pressure'. 
All the dolerites and granulites are intrusive into 
the ultrabasic component of the complex. 
The albite-syenite and albite-granite veins which 
traverse some of the dolerites and granulites 
probably represent late magmatic residues. 
128. 
VIII. GABBRO-GRANULITE SERIES AND 
ASSOCIATED FOLIATED ROCKS 
Distribution 
Within the southern serpentine belt the rocks of 
this series attain only a sinai]. development. Exposures of 
gabbro are found, however, near the Deafetone, on Claughanton 
Hill, and at several points on the moor east of the Garnaburn-
Lendalfoot road. Foliated gabbros are widely developed at 
Millenderdale outwith the area studied by the writer but are 
rare elsewhere in the district. A notable exception to this 
general rule, is the foliated hornblendic rock which occurs 
about 500 yards east of the summit of Baihainie Hill. 
Field Relations 
As is usual for the rook unite of the Ballantrae 
Igneous Complex the field relations of the rocks of this 
series are obscure • Most exposures are email (generally 
knoll-like) and contacts with the serpentine are seldom seen. 
Even the available contacts cannot be interpreted satisfactorily 
BalsIllie (1932) 9 however, states that the foliated gabbro at 
Millenderdale occurs in the form of two dykes, both apparently 
intrusive in the serpentine. The dykes, according to Bal-
sillie, strike in a north-east and south-west direction, and 
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the planes of the foliation dip to the north-west or west-
north-west at angles of 50-55 degrees. 
Balaillie (1932) reports also that two Beta of move-
ments have affected the mass of hornblende-granulite on Bal-
hamie Hill, the first causing a north-west and south-east 
flazer structure and the second a north-east and south-west 
foliation. Only the foliation ascribed to the latter set of 
movements has been observed by the writer. 
It is of interest to recall that in New Zealand 
(Bartrum, 1928) serpentines are cut by dykes and discontinuous 
lensold bodies - probably similar to the knoll-like masses at 
Ballantrae - of gabbro which frequently has a granulitic tex-
ture. 
The relations of the gabbros with the other components 
of the complex may be summarised thus:- 
'Deafetone' type gabbro is intruded by hornblende-
granulite of type A, near the summit of Claughan-
ton Hill. 
'Eastern Moor' type gabbro apparently intrudes dolerite 
of type 2 in the region east of the Garnaburn-
Lendalfoot road. 
'Eastern Moor' type gabbro is intruded by dolerite 
of type 3, in the same region. 
'Garnaburn' type gabbro is intruded by a dyke of 




(5) Foliated gabbro at Millenderdale is veined by 
granulitic rocks at Millenderdale. 
Classification and Nomenclature 
The writer has classified the rocks of the gabbro-
granulite series in much the same way as the dolerite-granultte 
series; that is, he has attempted to trace a sequence from 
the least altered gabbros having turbid feldepars, through 
those types which exhibit slight granulitization and albitiza-
tion, to types showing well marked granulitic and foliation 
features. Like the term "dolerite" in the previous section 
(see P. "i ) the term ttgabbrofl is here adopted for want of 
better terms that would give expression to the varied altera-
tion that the rocks have undergone. Owing to the uncertain 
ancestry of the granulites - which may have been developed 
either from gabbros or do].erites - the writer has refrained 
from the use of terms such as granulitic hornblende-gabbro, 
but has preferred purely descriptive terms such as hornblende-
granulite and foliated hornblende-ranulite (see also p. ( 8 ) 
Owing to the limited distribution of the various gabbros iden-
tified, the writer has named them according to the localities 




This type of gabbro is associated with the serpentine 
on Salachan Hill, south of the Stinchar. It has strongly dis-
rupted the serpentine in its vicinity and although the contact 
between the two rocks is not exposed it Is reasonable to assume 
that the gábbro was Intruded into the ultrabasic rock either 
during or after aerpentinizatlon. It is likely that if the 
gabbro had been intruded into the more compact and resistant 
ancestor of the serpentine little or no disruption would now 
be seen. 
In hand specimen the gabbro Is greenish-grey in 
colour and of a fairly coarse granitold or ophitic texture, 
feldspar and hornblende being easily distinguishable. Under 
the microscope (J.63, J.65) the rock is seen to consist almost 
entirely of alteration products of feldspar and pyroxene 
(figure 3). 
Throughout the rock the feldspar is completely 
sausauritized and eericitlzed. The nature of the original 
feldspar cannot be determined. 
The original pyroxene is also greatly altered, either 
to actinolite or to a brown, highly ferruginous hornblende. 
The latter mineral normally occurs as rather broad columnar 




slices. The actinolite is pale green, slightly pleochroic, 
andccurs as long, narrow, sometimes acicular, individuals, the 
c' axes of which are haphazardly arranged. Although altera-
tion of the pyroxene is complete in many parts of a single rock 
slice, intermediate stages in which unaltered augite is still 
preserved, are seen also. A few serpentine pseudomorphe after 
olivine are also present. Magnetite 18 a rare accessory. 
The rock is frequently veined by calcite. 
Garnaburn Type 
This rock is found only in the roadside quarry near 
Garnaburn Bridge (see figure 6), about half a mile east of 
Colmonell, where It has severely distorted the serpentine into 
which it is intruded. The gabbro is itself cut by a dyke of 
olivine gabbro of type 4. 
In hand specimen it has a mottled appearance rather 
similar to that of the Deafstone type gabbro. The principal 
minerals present are feldspar, monoclinic pyroxene and olivine. 
Under the microscope (J.70 9 J.79-.80) 9 the feldspars 
are seen to be large, frequently lath-shaped, and generally 
turbid, due to the presence of clay-like and saussuritic altera-
tion products. Where the feldspar is less turbid, it can be 
identified as labradorite. The smaller individuals are seen 
here and there to bear an ophitic relation to the coloured 
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minerals. Granular feldspar is developed locally. Effects 
of stress, such as bent cleavages and curved twin-lamellae are 
widespread. 
Pyroxene is an abundant constituent of the rock, oc-
curring as well-formed subhedral crystals which are frequently 
strain-shadowed and sometimes slightly bent. It usually con-
sists of pale brown or pale purple titan-augite. Alteration 
of the pyroxene to hornblende, though widespread, is seen only 
on a small scale • The hornblende zones are normally narrow 
and confined to the extreme margins of the pyroxene crystals 
or to email internal, nuclei. In few casestha alteration has 
proceeded so far that only wispy remnants of pyroxene now 
remain. The hornblende replacing pyroxene is usually brown 
in colour and markedly pleocThiroic. A small amount of green 
hornblende is also present and appears to be primary. In some 
places it, too, is partly replaced by the brown variety. 
Olivine is less abundant than the other constituents, 
but occurs as subhedral crystals of moderate size. It Is 
colourless under the microscope and fresh and unaltered. Ac-
cessory minerals are represented mainly by magnetite, which 
sometimes shows skeletal form, and by apatite, which is locally 
abundant as inclusions in feldspar. Serpentine occurs as 
pseudomorphs after both orthorhombic pyroxene and olivine, and 
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also as veins. Other vein minerals are pennine and zeolite. 
The time relations of the different veins are not apparent. 
One thin slice (J.70) shows a zone of very fine my- 
3 8) 
lonitic materialAwhich has evidently been formed from the gabbro 
by severe and localised shearing. Not only does this zone 
exhibit good mortar and 'augen' structures, but also excellent 
flow structure. The groundmaaa consists of an amorphous rock 
flour, apparently isotropic, and contains numerous small highly 
angular fragments, chiefly of augite and feldspar. The 'augen' 
consist of larger fragments, usually of feldspar, but sometimes 
of pyroxene. They are granulitized for the most part but oc-
casionally retain their original character, apart from minute 
faults and cracks which are occupied by the amorphous material 
of the groundmass. 
Deafatone Type 
Gábbro of a third type is found in a small disused 
quarry some 100 yards south of the Deafstone (a huge erratic 
of spilitic lava on the south side of Balhamie Hill), where it 
has evidently been worked to provide material for 'dry-stane' 
dykes. Similar rocks have been discovered on Claughanton Hill 
some 300 yards east of the summit and on BaThamie Hill a few 
yards west of the alluvial flat (see figure 6). The rock at 
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the Deafatone Was first noted by Teall (189) and described by 
him as "a peculiar type of gabbro ........ composed of large 
and more or less irregular black and white patches", the black 
patches representing hornblende aggregates and the white aggre-
gates of feldspar. Teall's statement is an excellent descrip-
tion of the hand specimens of the rock and need not be enlarged 
upon. Balsillie (1932), however, in describing the same rock, 
noted the presence of red-brown biotite, of pyroxene inter-
grown with and altering to brown hornblende, and of strain 
effects. 
Slices (Sb, S.lOa) examined by the writer show that 
the feldspar is usually rather turbid with clay-like alteration 
products. The degree of this alteration varies so greatly 
within the mass that the original characters of the feldspar 
can still be observed in patches. Where it is possible to 
investigate the relative refractive indices, maximum extinction 
angles and other optical properties, the feldspar has been 
found tobe andesine. In some places the feldspar occurs as 
large, somewhat irregular individuals which may be bent slight-
ly and which normally exhibit shadowy extinctions: in other 
places it is rather coarsely granular, the granular nature 
being apparent only between crossed nicole. 
The hornblende occurs as large plates of irregular 
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shape and is frequently crowded with innumerable dusty inclu-
sions of black ore. The hornblende is strongly pleochroic in 
shades of brown. Like the feldspar it is frequently bent and 
strain-shadowed (figure 4-0 ) and certain crystals are shattered. 
The hornblende Is sometimes associated with pale green chlorite 
(var. pennine), which occurs partly as an alteration product 
of the hornblende and partly in veins. 
Monoclinic pyroxene Is of comparatively rare occur-
rence • It is colourless and forms irregular crystals which 
are altered at the margins to brown hornblende. lu-* 
Black ore is the only accessory, being present throughout the 
rock as small blebs and rarely in skeletal form. No blotite 
has been found In any of the slices examined by the writer. 
The rock may be termed a hornblende gabbro. 
The gabbro of Claughanton T-ill is very similar to the 
rock described above, but, as noted by Balslllie (1932) 2 the 
minerals are arranged in rude schlleren. It is cut by veins 
of bornblende-granulite of type A, which are not chilled against 
the environing gabbro. Under the microscope (J.20-25) stress 
effects are seen to be more conspicuous than in the gabbro at 
the Deafetone and granulitization of the feldspars (figure 42. ) 
more widespread. In certain patches of the rock the feldspar 
has been strongly albitized. Pyroxenes are of more frequent 
occurrence / 
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triking difference, however, is in the biotite content. In 
the Claughariton rock biotite in the form of small flakes and 
large plates is very abundant in certain patches. It is 
orange-red or red-brown in colour and strongly pleochroic. It 
can be seen in places to be an alteration product of hornblende 
(f1gures), but elsewhere two generations of the mineral ap-
pear to be present. Olivine, sometimes serpentinied, Is 
sparsely distributed throughout the rock. Accessory minerals 
are more varied than in the Deafatone rock. In addition to 
black ore, sparse granules of sphene and very abundant pris-
matic grains and needles of apatite occur. In the exposure 
on Balhaznie Hill the rock is somewhat finer In grain and near 
the edge of the mass is distinctly foliated as if by shearing 
along the wall while the consolidated rock was still hot. 
Chemical Composition of Deafatone Type Gabbro (Clahanton Hill) 
The results of a chemical analysis of J.25 9 and the 
corresponding norm are listed in the accompanying table. The 
rock is very high in A1203 and Na20, moderately high in CaO and 
5102 and very low in total iron oxides. The high A1203 and 
and CaO may readily be accommodated in feldspar which is rela-
tively more abundant than in the other analysed rocks of the 
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series (cf. von Wolff values), while the development of albite 
t the expense of original ca].cic plagioclase accounts for the 
r'1ative].y high Na2O and S102. Low total iron oxides, and 
high TiO2 suggest that the black ore is titaniferous magnetite 
especially as TiO2 is much more abundant than can be accounted 
for by the sphene present in the rock. 1(20 and abnormally 
high P205 correspond with the development of biotite and the 
very abundant apatite in the rock. 
The chemical composition and norm suggest that the 
rock was originally an olivine-poor gabbro. Later, introduc-
tion of alkalies, possibly accompanied by S102 caused albitiza-
tion of the feldspar and biotitization of the mafic minerals. 
Eastern Moor Type 
In hand specimens this gabbro, which has been found 
only in the moorland region east of the Garnaburn-Lendalfoot 
road (see figure 6) is mottled grey and black, and though 
coarser than the dolerites is the most fine-grained of all the 
gabbroe of the Ballantrae area, tinder the microscope (T.41, 
T.43-44) much of the feldspar is seen as large somewhat irregu-
lar crystals, often saussuritized or turbid with clay-like 
alteration products, so that it is unidentifiable. Sometimes 
it is clearer and free from alteration products, apart from 
dust trains of the type found in thermally metamorphosed rocks 
(Macgregor / 
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(Macgregor, 1931). Where the feldspar is fresh, lamellar 
twinning, sometimes slightly bent, is commonly seen and the 
feldspar can be identified as labradorite. Strain shadows 
are also of frequent occurrence. Granular feldspar occurs in 
patches, and locally most of the feldspar is of this nature. 
In these granular areas, moreover, a few larger severely dis-
torted and faulted crystals occur. Smaller laths having 
crenulate margins may also be observed in these areas. Some- 
(43) 
times they have ophitic relations with pyroxenes and axnhiboles. 
As in the 'eafstone' type gabbro minor albitization has oc-
curred. 
Monoclinic pyroxene is abundant in the rock, as large 
subhedral crystals of colourless or pale brown augite. It is 
fresh but normally contains many small platy inclusions of 
hornblende and magnetite. Granular pyroxene is of rare occur-
rence even in those areas where the feldspar is most affected, 
and when it does occur it fails to show shadowy extinctions. 
Hornblende is also of widespread occurrence. Like the pyroxene 
it is seldom granular and is rarely strain-shadowed. The 
pleocbroism of the hornblende varies considerably, the most 
common types being:- 
strongly pleochroic X pale yellowish-brown, Y 
darker yellowish-brown, Z = dark brown. 
strongly pleochroic X = pale yellowish-green, 
Y pale yellowish-green, Z = pale bluish-green. 
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Both types of hornblende are alteration products of 
pyroxene, and many stages in their development may be observed 
in a single rock slice. The blue-green type is of comparative-
ly rare occurrence and sometimes merges gradually into the 
brown variety. 
Biotite is not a widespread constituent of the rock 
but is very abundant in patches. It forms small flakes and 
is very strongly pleochroic from pale yellowish-brown or 
colourless to dark foxy-red. It appears to be of late forma- 
tion and is sometimes an alteration product of brown hornblende. 
Several accessory minerals are present. The most 
abundant is black ore which is frecuently found as inclusions 
in the pyroxene and amphibole. So much ore is included in 
some of the brown hornblende crystals that they appear black 
in ordinary light. Sphene is quite commonly associated with 
brown hornblende and with biotite. The latter association is 
particularly interesting for Hall (1941) has shown that the 
foxy-red colour of biotite is due to the presence in it of the 
titanium ion. Apatite occurs as inclusions in feldspar. 
Foliated Gabbro 
It has been indicated previously that the foliated 
gabbros are best developed at Villenderdale, an area not 
examined by the writer. He has, however, discovered a rock d 
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similar type in the area north of Prieeton Hill and it is fit- 
ting that the rocks of the type area should first be reviewed. 
The foliated gabbros at Millenderdale were first 
described by Teall (1899) and later, with more petrographic 
detail, by Balsillie (19). They consist of (a) bands of 
coarse black and white gabbro alternating with (1) others of 
finer grained grey granulitic gabbro, both components having a 
common foliation. Intersecting these types are veins and 
narrow dykes of (c) a fine grained granular rock of doleritic 
aspect. It is not chilled against its surroundings and is 
not foliated. 
Mineralogical].y, all three types consist of sauasuri-
tic feldspar (the saussurite consisting of albite, analcite, 
chlorite and prehnite), brown hornblende and colourless mono-
clinic pyroxene. Locally, both hyperethene and enstatite are 
present in addition. 
In the exposure discovered by the writer only two 
interbanded components are present, the unfoliated granulitic 
member being missing. The banded members closely resemble 
those seen at Millenderdale, the coarser variety being mottled 
black and white and the finer variety a dull grey and rather 
doleritic in appearance. In addition to the foliation the 
rocks are affected by minute faults or fractures which can only 
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be seen under the microscope and which are invariably at right 
angles to the foliation. 
Microscopically (J.341) the coarser component con-
slats entirely of feldspar and brown hornblende. The feldspar 
is frequently developed as turbid and saussuritic laths as at 
Millenderdale but in a few places it becomes fresh and somewhat 
granulitic. The original nature of the saussuritised feldspar 
cannot be determined but in the granulitic parts it apparently 
consists of albite. It Is generally untwlnned and always gives 
shadowy extinctions. The hornblende occurs as large, some-
times bent or fractured, subhedral Individuals and frequently 
bears a blastophitic relation to the feldspar. It has a strong 
pleochroism from pale yellowish-brown to deeper yellowish-brown 
and where there is an abundance of included black ore it some-
times assumes red-brown tints. No monoclinic pyroxene has 
been found in the rock, but a few individuals of pale green 
enetatite sometimes serpentinlzed occur locally. Also present 
are a few small flakes of orange-brown blotlte. 
The finer doleritic component contains a marked pro-
portion of colourless monoclinic pyroxerie. The feldspar in 
this rock is always turbid and unidentifiable and appears 
usually as moderate-sized laths. It is rarely granular. The 
pyroxene exhibits widely different habits, being markedly 
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ophitic in some parts and almost entirely granular in others. 
It is usually altered to hornblende of a type similar to that 
found in the coarser fades of the mass. Small biotite flakes 
occur rarely. 
Foliated Hornblende-granulite 
A fine example of foliated horablende-granulite forme 
a knoll-like exposure some 500 yards east of the summit of 
Baihamie Hill in the midst of the alluvial flat (see figure 61 
The foliation strikes north-east and south-west. The rock was 
first referred to by Teall (1899), who described it as "too 
fine in grain for precise determination but apparently 
a foliated rock, composed essentially of fine grains of 
brown hornblende and altered feldspar". 
Hand specimens of the rock are fine-grained, black 
in colour and show no trace of the reddish-brown tints so 
typical of the Littleton Hill rocks, which according to many 
previous writers, have had a similar derivation. It is very 
tough under the hammer but fractures readily along well-develo-
ped joint planes. While in some specimens the foliation is 
obvious, in others it is most obscure and sometimes indeed 
apparently absent. 
Under the microscope (J.36, J.39-40) the rock is seen 
to be very fine in grain, the most abundant minerals being 
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feldspar and hornblende. It is almost wholly granulitic and 
distinctly foliated (figure 1S) even in those parts which ap-
pear unfoliated in hand specimens. The feldspar occurs in 
two distinct habits. It is commonly water-clear and granular; 
rarely it occurs as large phenocrysts which are normally 
faintly turbid. The grains measure 0.1 mm. in diameter. 
The phenocryats measure up to 3.0 mm. in length. Most of 
the granular feldspar is untwirined. It sometimes has the 
composition of labradorite but is generally albitized and 
analcitized. The phenocrysts are sometimes considerably bent 
exhibit well-defined lamellar twinning and can be identified 
as labradorite. At many points they are surrounded by a zone 
of clear granular albite (figure 14). Apatite needles are 
abundant locally as inclusions in the feldspar. 
The hornblende is brownish-green in colour and quite 
unlike that found in the Littleton Hill granulites. It oc-
curs as small grains and subhedral prisms which show no ten-
dency to develop parallelism. The foliated appearance is en-
tirely due to the aggregation of both the feldspar and the 
hornblende in roughly lenticular areas, the long axes of which 
have a parallel orientation. In longitudinal section the 
hornblende 18 pleochroic in shades of very pale green and 
moderately dark brownish green. Sometimes larger individuals 
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frequently crowded with minute inclusions of black ore, are 
developed. The rock is veined by analcite and by zeolites. 
The inter-relations of the two sets of veins are not clear but 
both cut across the foliation indiscriminately. 
Age and Genesis 
The writer infers from the evidence available that 
the gabbro-granulite series and the dolerite-granulite Series 
are contemporaneous and developed in a similar fashion. It 
is, therefore, unnecessary to elaborate further upon the age 
and genesis of the former series. It will suffice to-draw 
attention to the similarities shown by the rocks of the two 
groups. 
The 'Garnaburn' type gabbro, with its characteristi-
cally turbid feldspar, and but slightly emphibolized pyroxenee 
Is believed to represent the least altered stage and is probably 
to be considered as the coarse-grained equivalent of the 
dolerites of types 1 and 4. 
The 'Salachan' type gabbro, characterised by saus-
suritized feldspars and uralitized pyroxenes, represents a more 
altered stage and may, perhaps, be regarded as equivalent in 
part to the less altered representatives of doleritee of types 
2 and 5. 
The 'Deafetone' and 'Eastern Moor' gabbros show in 
many! 
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many places the effects of thermal reconstruction of the kind 
widely developed in some of the dolerites of types 2 and 5, to 
which they appear to be partly equivalent. Thus, they are 
typically fresh and the 'Eastern Moor' type in particular is 
severely granulitized locally. Other similarities are the 
development of crenulate feldspar laths, faulted, bent and 
otherwise strained crystals, a]bitization and amphibolization. 
The foliated gabbro at ?ffillenderdale has not been 
studied by the writer but is probably to be regarded as equi-
valent to the foliated granulites of the Littleton Hill area, 
In the foliated hornblende-granulite, the granulitic texture, 
the freshness of the constituent minerals, the development of 
marginally granulitized feldspar phenocryate and the segrega-
tion of feldspar and hornblende into roughly lenticular and 
parallel patches is sufficient reason for considering this rock 
as equivalent to the foliated granulites of Littleton Hill. 
The widespread occurrence in the rocks of the gabbro-
granulite series, of characters also widely developed in the 
rocks of the dolerite-granulite series is strong evidence for 
believing the two series to have been developed as a result of 
the action of like processes. The further circumstance that 
rocks of the gabbro-granulite series cut those of the dolerite-
granulite series in some exposures and are cut by rocks of the 
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latter series in other exposures (see p. !2 ) shows conclusive-
ly that the rocks of the two series are essentially contem-
poraneous. 
Summary of Conclusions 
The gábbroa and some of the granulites in the district 
are considered to constitute a series. 
Their origin is considered to have been the same as 
that of the dolerite-granulite series. 
The two series overlap in age and are regarded as 




The only albite -granite s found in situ in the Ballan-
trae Igneous Complex occur on Byne Hill and Grey Hill, south of 
Girvan. This area has not been examined by the writer, but a 
statement of the field relations and petrographic characters of 
the albite-granites occurring there will not be out of place at 
this point. 
According to Peach and Home (1899, p. 481) the "mass 
forms a narrow strip, bounded on the south-east byserpentine 
and on the north side partly by the Benan Conglomerate, partly 
by the Arenig lavas, and partly by serpentine. The main por-
tion of the area is composed of gabbro, hornblende-gabbmo, and 
dolerite; while the Byne Hill and Grey Hill display two small 
patches of quartz-diorite and granite, which to all appearance 
pass gradually into the more basic varieties. Where the basic 
rocks are in contact with the serpentine, they are more fine-
grained than towards the centre of the mass. Some of the 
specimens taken from the margin on the east and 
south-east sides of Byne Hill show brecciation or cataclastic 
structures, due to movement between the basic rocks and the 
serpentine". 
As the rocks are traced inwards from their boundary 
against the serpentine, their character changes from gabbro, 
through / 
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through hornblende-olivine-gábbro and quartz-biotite-diorite 
to biotite-granite. The chief constituents of the ganite, 
according to Teall (1499) are oligoclase, orthoclase, quartz 
nd 'oiotite. According to Balsillie (1932 9 p. 128) 9 however, 
the main constituents are albite quartz, biotite and green 
hornblende. Presumably the two authors studied specimens of 
different compositions since Baleillie did not find orthoclase 
or oligoclase in his specimens and confirmed by chemical 
analysis (p. )59) that the rock is albite-granite. Tyrre ll  
(1933, p. 72) mentions that the Byne Hill granite is highly 
sheared and brecciated in places. All previous writers were 
agreed that the granites are probably to be regarded as local 
differentiates from the same magma that gave rise to the basic 
rocks in this region. 
Peach and Home (199) considered the whole Byne 
Hill - Grey-Hill mass to "have been injected mainly along the 
bedding-planes of the volcanic series and overlying sediments'. 
They continue "there is definite evidence regarding the date 
of these intrusions, for they are clearly older than the Kirk-
land and Benan Conglomerates [now believed to be of Caradocian 
age] which are mainly made up of their detritus and rest  un-
confornably on the volcanic platform. It is interesting to 
observe that the evidence, though imperfect, points to the 
conclusion that the total thickness of conformable sediments 
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under which the intrusive rooks were injected was not great, 
and yet the injections include coarsely crystalline rocks such 
as gabbro and granite". 
Pringle (1948, p • 14), however, states that "the age 
[of the granites] is now in doubt, since the granite boulders 
in the conglomerate [being highly potaseic types] are different 
In composition from the granite forming By-ne Hill". 
yrrel (1933 9 p. 72) "urged that the possibility 
should be considered of the Byne Hill-Fell Hill complex forming 
part of an ancient, possibly pre-Arenig ridge, which stood out 
as an island or peninsula from the shallow water wherein the 
Girvan sediments were deposited". 
The only albite-granites examined by the writer occur 
on the southern flanks of Prieston Hill and Craig Hill, east 
of the Garnáburn-Lendalfoot road (see figure 6). The agglo-
merate exposed in this region locally consists entirely of 
albite-granite fragments. Such areas of the agglomerate will 
henceforth be referred to as albite-granite breccia. Two 
exposures were recorded by Balsillie (1937), the first some 
400 yards north-east of the sheep-fold above Garnaburn Farm-
house and the other, farther east, about 700 yards due north 
of the milestone on the Ballantrae-Pinwherry road, one mile 
east of Colmonell. The writer has not found the first-
mentioned / 
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mentioned  exposure. He has re-examined the second and dis-
covered a third about 150 yards south-west of the ruined cot-
tage on Craig Hill (see figure 6). 
Description 
As seen in the field, the rock is apparently breccia-
ted. The albite-granite fragments are angular and apparently 
only slightly displaced. On weathered surfaces, they stand 
out conspicuously from the softer groundmass. The fragments 
vary greatly in size, ranging from half an inch across don to 
mere grains visible only in microscopic sections. 
Microscopically (K. 6-10, L.13-].4) tmortar struc-
ture is conspicuous in the rock as a whole. The groundmass, 
which forms only a small percentage of the rock, is very fine-
grained and generally few of its constituents can be identified. 
A large quantity of epidote is frequently present. In the ex-
posure on Craig Hill the groundmass consists of pale green 
non-p1eoc1roic serpentine. Although in some cases no ground-
mass intervenes between fragments, it is only on rare occasions 
that one can trace structures from one fragment to the next. 
It seems that the fragments may be more displaced than would 
appear probable at first glance. 
Balsillie (1937) noted that the breccia closely re-
sembles certain replacement granites from Oregon (Gilluly, 1933 
Mineralogically / 
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Mineralogically the fragments consist essentially of quartz 
and albite. The only coloured mineral of any Importance is 
epidote (flgure4-6). In most fragments the quartz and albite 
are micrographically or myrmekitically intergrown. The quartz 
Is colourless and contains numerous dusty inclusions which 
may be scattered haphazardly throughout the crystals or arran-
ged in parallel streaks, the orientation of which does not ap-
pear to be related to that of the crystals. Irregular ex-
tinctions are common in the quartz which even shows biaxial 
interference figures occasionally. The albite is somewhat 
clouded, often by clay-like alteration products but also by 
sericite flakes. In some fragments epidote appears to have 
partly replaced feldspar which presumably was originally 
richer in anorthite • The larger albite crystals are generally 
untwinned but the smaller laths often show lamellar and rarely 
Carlsbad twins. Strain-shadows are characteristic of some 
crystals but this feature is not so common as in quartz. It 
is evident that the albite has been replaced by quartz in many 
places, (see flgure4'l). Sometimes micrographic structures are 
seen radiating from a core of albite which is In optical con-
tinuity with the albite of the interrowth. The central 
crystal generally contains a few blebs of quartz which are 
optically continuous with the quartz of the Intergrowth. It 
is/ 
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is clear that the quartz-replacement has affected the albite 
from the margin inwards. At other points albite laths are 
included in large quartz patches thereby producing a poikili-. 
tic texture (figure4!'1). 	The included laths are sometimes 
large and well-defined, but more often they have irregular 
embayed margins. Where the replacement has proceeded furthest 
only small, isolated, optically continuous wisps of albite 
remain, 
Quartz also occurs as narrow ye inlets and threads 
which traverse both fragments and groundmass (figureW) with 
the proviso that where these same veinlets traverse the ground-
mass they often consist of serpentine. The quartz of the 
veins is frequently optically continuous with large areas of 
quartz in the fragments (figure 48). It appears therefore that 
some of the auartz in the fragmens was formed after breccia-
tion. The veins are replacement veins. They do not cause 
displacement and in some slices adjacent feldspar crystals can 
be seen continuing into the veins. 
The epidote is yellowish or colourless in thin see-
tion and slightly pleochroic. It occurs as well-formed cry-
stals sometimes showing strain-shadows. It is generally asso-
ciated with albite and may have been formed as a by-product of 




cory nnerals comprise pale green cii.lorite, 
udororhou8 after hornblende and minute apatite needles 
1urc 'i tt' n9 ru'rt. 
:ce-nc Jormtion 
The albite-granite breccia forms part of the agglo-
merate on Prieaton Hill and is consequently to be regarded as 
the same age, namely Arenig. 
Balsillie (1937) has compared the genesis of the 
albite-granite breccia on Prieston Hill with that of certain 
albite-granites at Sparta, Oregon, to which they are petro-
logically similar. Gilluly (1933) showed that these latter 
rocks were albitized and silicified diorites and traced a com-
plete series of transitional types. He believed that the 
altering agents were hydrothermal solutions and that they had 
been guided by zones of brecciation, whence it is evident that 
he considered the alteration to have occurred after breccia-. 
tion had taken place. Analyses of the diorite, the granite 
and two transitional types indicate that the geochemical 
changes involved were (a) a gradual increase in the percentage, 
of silica and alkalies, and (b) a gradual decrease in all other 
constituents, notably in lime, magnesia, alumina and iron and 
titanium oxides. 
Palsil]i (1937) supposed that the albite-granite 
breccia / 
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breccia on Prieston Hill was produced in a similar fashion, 
from apilites and amphibo].ized diabases, but he differed from 
Gillu]..y in dating the alteration of the Prieston Hill rocks as 
pre-brecciation. 
The writer agrees with Balsillie that the parent 
rocks of the albite-granite breccia must have been albitized 
before brecciation occurred for otherwise the absence of basic 
selvedges around the fragments, both of the albite-granite 
breccia itself and of other parts of the ag-lornerate cannot 
be explained satisfactorily. It is reasonable to assume that 
the albitization was contemporaneous with that which affected 
many of the basic intrusions. 
However, replacement veins of quartz traversing both 
fragments and groundmaes and in optical continuity with the 
secondary quartz of the fragments furnish direct evidence that 
at least some of the silicification must have occurred after 
the parent rock had become brecciated. Perhaps the most 
characteristic feature of the albite-granite breccia on Pries-
ton Hill is the abundance of myrmekitic and micrographic struc-
tures and It is therefore of considerable importance to note 
that Tronguoy (1912) has shown the development of such struc-
tures to be particularly favoured in a cataclastic environment. 
A further factor suggesting that the silicification may have 
occurred / 
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occurred after the agglomerate was formed is that fragments of 
diverse types occurring within it have all been somewhat sili-
cified. Again, the cherte overlying the agglomerate are 
veined by quartz. 
Since this silicification occurred afterth gglo- 
- 
merate (of Arenig age) was deposited and since,jfragmenta of 
granitic material, similar to those of the albite-granite brec-
cia occur in the Benen Conglomerate (near the base of the Cara-
docian) the silicification of the albite-granite fragments 
must have occurred during Arenig-Liendeilo times. It does not 
seem likely that the agglomerate could have been buried to any 
great depth in such a short period of geological time, and it 
appears, therefore, that the silicification occurred near the 
surface. The silicification was due apparently to local dif-
fusion of materials that may have been carried by gas or by 
hydrothermal solutions. The albitization occurred earlier and 
perhaps at depth. 
The rocks from which the albite-granite breccia was 
formed cannot be determined with any degree of certainty. It 
has been mentioned that Balsilhie (1937) believed the parent 
rocks to be spilites and amphibolized diabases. The writer 
has been unable, however, to establish a complete series of 
transitional types, although many of the spilite an diabase 
fragments / 
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fragments occurring in the agglomerate are certainly silicified. 
In particular, the hornblende which is abundant in the diabasee 
is seldom observed in the albite-granite. At Sparta much of 
the hornblende in the parent rocks has been replaced by epidote 
but at Prieston Hill there is no evidence to sugest that any 
of the epidote in the albite-granites has been formed in this 
way. Where the origin of the epidote can be determined, it is 
seen to be a by-product of the albitization of original plagio-
clase. It seems, therefore, that the albite-granite must have 
originated in a way other than that supposed by Balsillie. 
Now, the only albite-granites occurring in situ in 
the Ballantrae Igneous Complex are found on Byne Hill and Grey 
Hill. It is, therefore, reasonable to suppose that the under-
ground continuation of masses such as these was the source of 
the material from which the albite-granite breccia was formed, 
presumably by the discharge through the mass of high-pressure 
expanding gases. 
The parental rocks of the Byne Hill-Grey Hill granites 
together with their supposed underground extension may perhaps 
have formed a part of the rocks underlying the pre-.Arenig floor. 
These basement rocks might well have been albitized at the same 
time as the basic intrusions and later disrupted during ex-
plosive phases of the Arenig vulcanicity, thus accounting for 
their / 
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their presence as fragments in the Arenig agglomerates. While 
some silicification, which succeeded albitization, may have oc-
curred previous to disruption, it 18 clear that most of the 
silicification is of later date than the formation of the 
agglomerates. 
Summary of Conclusions 
The albite-granite breccia is a local modification 
of the Prieston Hill agglomerate and, therefore, 
of Arenig age. 
The albitizatlon of the ancestral rock from which the 
albitI-granite fragments are derived, occurred 
before disruption and possibly during the albiti-
zatlon of the basic intrusions or the Complex. 
The silicification of the ancestral rock from which 
the albite-granite fragments are derived, occurred 
in part after disruption. 
The silicification occurred near the surface and was 
due in all probability to the local diffusion of 
materials carried by gas or hydrothermal solutions. 
The Dyne 11111-Grey 11111 granites may well have been 
formed from the same parental rocks as the albite-
granite breccia. 
These parental rocks may have formed part of the 
rocks underlying the Pre-Arenig floor, upon which 
the spilites were erupted. 
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C}tELICAL ANALYSIS OF ALDITE-GRANITE 
Si02 70.18 







H 20+ 0.88 
H 20- 0.34 
CO1 Nil 





I. Albite-granite, summit of Byne Hill. 




As previously stated on p. 30 an exposure of agglo-
merate, lenticular in shape, measuring a mile in length and 
having a maximum breadth of 300 yards, occurs on the southern 
flanks of Prieston Hill and Craig Hill. The agglomerate is 
very rough on weathered surfaces owing to differential erosion. 
The fragments are generally highly angular and vary in size from 
large blocks down to small particles visible only under the 
microscope. Locally the agglomerate consists entirely of 
albite-granite fragments. These areas have already been con-
sidered in the previous section on albite-granites (see p.'SO ). 
The amount of groundmass in the agglomerate varies 
considerably from place to place. While in some areas it forms 
the greater part of the rock, in others it is almost lacking. 
Microscopically, the material of the groundniass is seen to be 
obscure and turbid but chlorite and epidote can be distinguished 
as common constituents and in some places broken fragments of 
aphene are abundant. Minute rock fragments also occur in large 
numbers in the groundmaas. 
The fragments of which the agglomerate is composed, 
are of widely varied types, and include apilite, diabase, albite-
granite, gabbro and shale. 
Spilite / 
161. 
Spilite and Diabase Fragment s  
Many fragments of epilite occur in the agglomerate. 
Several are of the finest grained glassy types, so much altered 
by weathering that individual minerals cannot generally be 
distinguished. Variolitic texture is seen rarely. 
More common are fragments of the somewhat coarser 
lava which is so typical of the flows exposed on Prieaton and 
Craig Hills. They consist essentially of highly altered 
feldspar and pyroxene, the former being represented by saus-
auntie products rich in calcite and the latter by chlorite. 
Some fragments contain fresh titan-augite, often occurring as 
curved crystals growing in branch-like aggregates. Other frag-
ments are silicified, the feldspar apparently having been re-
placed on a small scale by quartz. Occasionally small areas 
of myrmekite are seen growing, as it were, into the feldspar. 
Diabase fragments of types not discovered,in situ 
by the writer occur In some auantity. They are generally 
fresher than the apilitic fragments noted above. The essen-
tial constituents are albite generally including saussuritic 
alteration products rich in calcite and epidote, together with 
green hornblende which is sometimes strongly pleochroie. 
L 	
Other fragments carry large quantities of chlorite. The only 
accessory mineral is black ore. These diabases are generally 
fine-grained / 
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fine-grained but some are medium-grained and somewhat ophitic. 
In many fragments the albite has been partly replaced by quartz 
soetimes, though rarely, with a poor development of micro-
graphic texture. The rocks may conveniently be termed, sili-
cified albite-hornblende- I albite-chlorite- I albite-epidote- I 
and albite-hornblende-epldote rocks. 
Albi te-granite FrainentB 
It has been noted (see P. 1 -50 ) that in some places 
the agglomerate consists entirely of albite-granite fragments. 
Elsewhere similar granitic fragments are sparsely scattered 
throughout the agglomerate in association with fragments of 
other types. The fragments referred to'granitic' include 
quartz-epldote- 9 quartz-albite-epldote- I and quartz-albite 
rock, the first and last of these types being possibly frag-
ments of the second. 
Many of the fragments exhibit rude micrographic 
texture and occasionally perfect myrznekitic structures are 
developed. As in the albite-granite breccia (see p. 1 52 ) re-
placement phenomena can frequently be seen. 
Gabbro Fragments 
Locally, fragments of finely gabbroic rocks appear in 
the agglomerate. They are considerably altered, the feldspar 
being / 
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being frequently replaced by prehnite, but sometimes by calcite. 
The unaltered feldspar is labradorite • The only other impor-
tant constituent is hornblende, pale green in colour and slight-
ly pleochroic. In some fragments acicular crystals of pale 
green actinolite are seen. In one fragment pale brown augite, 
marginally altered to hornblencle, is preserved. It seems pro-
bable that most of the hornblende in the gabbro is secondary. 
Accessory minerals are scarce but some black ore is found. 
The feldspar and hornblende are ophitically related in certain 
patches of some of the fragments. In several fragments the 
feldspar appears to have been replaced by quartz with occa-
sional development of a rude micrographic texture. 
Sedimentary Rock Fragments 
Fragments of sedimentary rocks, though rare, are some-
times of considerable size. They consist of black shale simi-
lar to that occurring nearby in situ. Under the microscope 
the shales are seen to be banded. Individual minerals, how-
ever, cannot be identified owing to the extremely fine texture 
of the rock. 
Chert fragments have not been seen by the writer but 
have been recorded by Peach and }torne (1899). 
Other / 
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Other Fragments  
Fine-grained fragments resembling felsitee and kera-
tophyrea occur rarely. Many carry quartz but the writer has 
been unable to determine Whether it Is primary or secondary. 
Balsillie (1937) however, noted the presence of porphyroblaste 
of quartz in fragments of this type and was able to show that 
the mineral is secondary. 
Formation of the Agglomerate 
The fragmental rocks described above were first noted 
by Peach and Home (1899) who regarded them as true pyroclastic 
rocks. Balaillie (1937), however, believed them to be breccias 
formed along a great crush-zone, the sheet-planes of which had 
locally parted. Against this view is the fact that fragments 
have been discovered of rock-types which do not occur in situ 
in the vicinity of the fragmental rock; and still more signifi-
cant is the fact that the outcrop of a thin band of black shale 
to the north follows exactly that of the fragmental rock (see 
figure 6). Surely it is most unlikely that the supposed crush-
zone could bring about such a coincidence. It is much more 
probable that the fragmental rocks lie conformably upon the 
shale and it seems, therefore, that they can best be regarded 
as true pyroclastic agglomerates. 
The / 
165. 
The occurrence of gabbro and diabase fragments in 
the Prieston Hill agglomerate is evidence that the latter rock 
was formed subsequent to the emplacement of the basic intru-
sions. It follows, therefore, that the agglomerate is also 
younger than the ultrabasic component of the Complex. The 
absence of peridotite and serpentine fragments in the agglome-
rate cannot, therefore, be explained on the assumption that 
the agglomerate was formed before the peridotite was intruded. 
The only reasonable alternative is to assume that in the 
Prieston Hill region the sheet-like ultrabasic intrusion is 
either very thin or absent. 
SummarY of Conclusion 
The fragmental rocks on Prieston Hill are inter-
preted as agglomerates. 
They were formed subsequent to the intrusion of the 




The mutual relationships of the various rock-types 
comprising the Ballantrae Igneous Complex have already been 
considered under the appropriate headings, and certain con-
clusions regarding the relative ages of the rocks have been 
reached. It seems desirable at this point to summarise the 
evidence and to state briefly the probable sequence of events. 
The writer has not been able to prove conclusively 
that the ultrabasic component of the Complex is intrusive into 
the spilites but has shown that all the objections to this view 
can be met by assuming that serpentinization did not occur un-
til after the parental peridotite had consolidated. It is 
very probable, therefore, that the relations at Ballantrae are 
the same as those obtaining in other similar regions of the 
globe where serpentine is known to be intrusive in epilites. 
In the past there has been no question that many of 
the dolerites, gabbros and granulites of the district were in-
truded into the serpentine (or its predecessor) but the granu-
litic rocks on Littleton Hill have been regarded by some writers 
as spilitic xenoliths metamorphosed by the enveloping serpentine. 
The writer has shown that the Littleton Hill granulites have 
been formed in the same manner as the granulites elsewhere in 
the district, and there is no reason therefore for believing 
them / 
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them to be of a different age. They are certainly intrusive 
into the ultrábasic body and were probably injected during or 
soon after the aerpentinizetion of the peridotite. Evidence 
has been given that the so-called dolerites and gabbros are of 
th same general age and it has been shown that the granulitic 
textures seen in many of the rocks can be consistently inter-
preted as a late consolidation effect. 
The rock sequence on Prieston Hill is clearly similar 
to that at Bennane Head, namely apilite at the base, succeeded 
by black shale, agglomerate, rnudstone and chert. The agglome-
rate in the Prieston Hill region does not carry serpentine 
fragments but, since it contains fragments - gabbro and diabase 
- of the younger basic intrusions, it cannot have been formed 
prior to the intrusion of the ultrabaeic component of the Com-
plex. The Prieston Hill agglomerate, like the agglomerates in 
other parts of the district, must, therefore, be regarded as 
younger than the serpentines, doleritea, gabbroa and granulites. 
The granite fragments in the Prieston Hill agglomerate 
show evidence of having been silicified after the agglomerate 
was formed. Since albite-granitic veins cut some of the 
doleritea and granulites, the silicification has apparently 
occurred after the intrusion of the dolerite-granulite series. 
The albitization of the albite-granite fragments occurred before 
their / 
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their disruption, and since the fragments do not appear to haw 
developed from apilitea and albite-diabases the writer surmises 
that they were derived from rocks underlying the pre-Arenig 
floor. This 'basement complex' might well have been albitized 
by pneumatolytic and hydrothermal agents at the same time as 
were many of the basic intrusions. The probable sequence of 
events, therefore is:- 
Extrusion of spilites. 
Deposition of the shales and cherta associated with 
them. 
Intrusion of peridotite. 
Conversion of peridotite to serpentine after con-
solidation. 
Intrusion of dolerites and gabbros and their con-
solidation in part as granulites and foliated 
types. 
Concomitant a.lbitization of a part of the rocks 
unde*lying the pre-Arenig floor. 
Formation of agglomerates. 
Silicification, involving the production of albite-
granites. 
XLL/ 
Albite-diabase, half a mile north or Lendalfoot. 
Analyst: B.E. Dixon. Reference Balsillie (1932, p. 126). 
Albite-diabase, south of Lendalfoot. 
Analyst: B.E. Dixon. Reference Baleillie (1932, p. 126). 
Hornblende-granulite, 880 yards north of Fougang, two miles west of Colmonell. 
Analyst: P.E. Dixon. Reference BalsIllie (1932, p. 122). 
White Gabbro, Fell Hill, 1300 yards south-east Ardwell. 
Analyst: B.E. Dixon. Reference BalsillIe (1932, p. 117). 
Dolerite of type 3 (T.44) intrusive in 'Eastern Moor' type gabbro, half a mile 
north-east of Garnaburn Farmhouse (see p.a ). 
Analyst: W.H. Herdsman, 
Hornblende-schist (J.120), half a mile south-east of Littleton Hill (see p. 92-L 
Ana lyst: V.H. Herdsman. 
Hornblende-granulite of type C (S.19) half a mile north of Garnaburn Farmhouse 
(see p. IOo. )• 
Analyst: W.H. Herdsman. 
Pyroxene-granulite of type 2 (J.3) branching in serpentine 400 yards north of 
Garnaburn (see p. 1 i" ). 
Analyst: V.H. Herdsman. 
Deafstone type gabbro (J.25), 250 yards east of the summit of Claughanton Hill 
(see p. 1314 ), 
Analyst: W.H. Herdsman. 
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XII. PTROCHa!ICAL CHARACTERS OF THE PROVINCE 
In all, fourteen cheniical analyses of the rocks of 
the Ballantrae Igneous Complex are now available. Of these 
analyses one is of a basaltic lava-bla (p.  48 ) termed "pre-
spilite" by Balaillie (1932) 9 three are of serpentine (see 
table on p. 64 ) nine are of the basic intrusions (Bee table 
on p. /69a. ) and one is of albite-granite (see p. I5 ). 	Five 
of the analyses of basic intrusions are new (A-E in the table 
on P. 168a. ). 	No analysis of spilite has yet been made. 
The serpentines are chemically similar to those oc-
curring in many other regions and call for no special comment. 
The specimen from By-ne Hill Burn (Mellard Reade, 1900) closely 
approximates in composition to the dunite serpentine from the 
Lizard, Cornwall (Flett, 1946, p. 76). 	It is, however, some- 
what poorer in alumina and lime than the Lizard rock and richer 
in magnesia and alkalies. The small potash content of the 
Byne Hill Burn serpentine may, perhaps, indicate the presence 
of a small amount of biotite. The other analysed samples 
from the Ballantrae district are bastite-serpentines and, apart 
from a relative deficiency in lime, they are found to be simi-
lar to the bastite-serpentines from the Lizard. 
The analyses of the basic intrusions are listed in 
the adjoining table (p. 'o), Although the analysed rocks 
differ / 
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iifier considerably in mineral and chemical composition, they 
X% ce'tii OV'iL cL;iici eculiariUes that relate them 
to Lii 	iiic 	 i.iicated by their distribution in 
the von Wolff diagram (figure 4) they fall within a limited 
field which lies entirely below the L-M line, corresponding to 
the fact that all are undereaturated with respect Co silica. 
oaition of the field midway between L and M corresponds 
- Le fact - also brought out by the norms - that leucocrates 
rne1nocrte. L.--r generally present in roughly equal propor-
tioi, oai.. th 	i)Istone' and 'White' gabbrosbeirg notably 
more leucocratic. 
n ordinary variation diagram (figure 5a) on a silica 
basis, however, reveals remarkable divergences from the smooth 
curves that might have been expected from a series less subject 
to extensive and varied alterations. 
The most striking feature of the series is the very 
marked antipathetic relation between total FeO and A1203 (see 
table below and figure 5b). 
IT 	I 	IlL 	C 	 A 	E 
T ,tI FeO 	 1435 	13'lL,. 	1I5b 	13%"! 	IZ54. 	S?,2 	9"l8 	1680 	124 
A1103 	 !Z39 	12%1 	1360 	1369 	1535 	1633 I70Z 	1846 2270 
l7 
This relationship couL be accunte for, to some xtet b any 
kind of differentiation which would tend to separate plagio-
clase and femic minerals (including ores). The differentia-
tion cannot, however, have been magmatic, since in that case 
the FeO/MgO ratio and total alkalies shotM increase in the 
liquid fraction as crystal differentiation proceeded. That 
this did not occur is clearly shown by the table below and by 
the scattered distribution of the points in figure 5c. 
IL E 
F0/M3 0 233 336 14 152 305 251 091 g.oq 09b 
.1•0 5Jp1 56 5•51 413 4-be 4-41 4:30 364. 
The variation is, therefore, probably due, at least in con-
siderable part to chemical alterations involving introduction 
and removal of materials. Actual migrations are clearly evi-
denced by the many veins found in the rocks. 
The clear antipathetic relation between total FeO-'-
Na2O and A1203 + CaO (see table below and figure 5d) suggests 
that FeO and Na2O may have been introduced during alteration at. 
the expense of A1203 and CaO, which might be expected to migrate 
as constituents of material later precipitated as vein material. 
The numerous veins of pectolite and prehnite in many of the 
rocks afford ample confirmation. 
17. 
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+ 	 1923 	Is-to 	r/14. 	it, 63 	1530 	113k 	12,61 	II 29 	157 
-P-&O 	 ,q' 	2I15 	zz4 233'1 238 .z515 2608 2679 	3259 
The variation diagram (figure 5a) shows clearly the 
very erratic behaviour of the magnesia curve, which suggests 
that A, B and D were probably originally rich in olivine, 
while C and E were probably poor in or free from olivine. 
The K20 curve is also erratic, being high in B and 
D. with high MgO; moderate in A with highest MgO; and high 
in E, with low MgO. 
T1O and Na2O vary together except in D (which is 
abnormally low in TiO2 for this series), while TiO2 and total 
FeO vary together except in E, which is very rich in TiO2. 
The many irregularities reflect the many different 
processes and geochemical changes that the various rocks have 
suffered - e.g. albitization (sometimes accompanied by intro-
duction of iron), saussuritization, amphibolization, bioti-
tizatlon &c. 
It had been hoped that series of specimens could have 
been found presenting individual changes or definite secuences 
of changes, so that their various effects could have been 
separately / 
173. 
separately assessed. The matter has, however, proved too 
complex for such petrochemical analysis of the various types 
of alteration. 
1-74 . 
suJniFry of the co.ici 1 u.o:s r c e fha Lee':: iv 
at the end of each section and it only remains to present a 
e';nt iicture of the results of the present investigation. 
be epilites have been shown to be, In all probability,  
of te .orklex. 	They are of Arenig age, as 
i t 	 nco f 
 
zonal graptolites in some of the 
black shales associated with them. Into the spilitic lavas, 
-hich served as a roof, the sheet-like ultrabasie component of 
the Complex was intruded, probably as peridotite, already 
largely consolidated but still at a high temperature. Serpen-
tinization probably occurred after consolidation of the pen-. 
dotite and the consequent expansion accounts (1) for the folia-
tion of the serpentine; (2) for the confused nature of the 
serpentine-spilite boundaries; and (3) at least in part for 
the absence of a metamorphic aureole. 
From the direct evidence of certain occurrences, it 
is inferred that not only these but all the doleritea and gab-
bros are intrusive into the serpentine. The granulites have 
clearly been derived from the same parental materials - rocks 
or magmas - as the dolerites and gabbros. The granulitization 
has been shown to be due to the action of hot gases which were 
streaming / 
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streaming through the partially consolidated rocks at a time 
when the latter were subject to stress, probably caused by the 
expansion of the peridotite during its serpentinization. 
The fragmental rocks on Prieston Hill are interpreted 
as agglomerates and the cherty masses in the same region have 
been shown to be of sedimentary origin. The rocks on Prieston 
Hill are, therefore, to be regarded as a conformable sequence 
similar to that found at Bennarie Head. The albite-granite 
breccia is shown to be a modification of the agglomerate. The 
albite-granite fragments have been silicified in part after 
brecciation but were albitized at an earlier date. They do 
not appear to have been derived from spilites and diabases and 
It is surmised that they, together with the albite-.granites of 
the Dyne Hill-Grey Hill region, may originally have formed a 
part of the rocks underlying the pre-Arenig floor upon which 
the spilites were extruded. 
Chemically the basic rocks of the Complex are rich 
in soda and poor in silica, and in this and other respects 
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Figure 9. View of the southern boundary of the 
southern serpentine belt in the region of 
Prieeton Hill. The low-lying country in 
the foreground and left background is 
floored by serpentine and the higher coun-
try to the south (right) by spilites. 
The scarp developed in the spilites is 
conspicuous. The actual serpentine-
spilite junction is not generally exposed 
and is not shown in the photograph. Where 




All photcsicro$raphs are spjroxiaatsly X * except 
where otherwise stated. Slice nuabers are given 
In brackets. 
Figure 10. Spilite (k.3), 600 yards southwest of the 
uamit of Craig Hill. Ordinary light. 
The figure shows much elongated laths of 
pertly soussuritized feldspar haphazardly 
arranged in a matrix which consists 
largely of Pale brown augite, sometimes 
otiloritized. p. 34. 
Figure 11. Spilite fragment in agglomerate (L932), 600 
yards south-east of the sujanit of Craig 
Hill. Ordinary light. The field shows a 
sheaf-like aggregate of acicular py'roxene 
individuals, lying in a turbid groundmasa. 
A quartz-filled aniygdals is seen near the 









Figure 12. Chert (1.30), 350 yards south of the summit 
of Craig Hill. Nicole crossed. The 
south-east quadrant of the field consists 
of cryptoorystalline silica. Towards the 
top, part of an area of more coarsely 
crystalline quartz is seen. The large 
black patches are magnetite. 	P. 31. 
Figure 13. Serpentinoue Dunite (5.3), 300 yards north-
west of the quarry at Garnaburn Bridge. 
z 13, nicole crossed. The middle of the 
field is occupied by colourless pyroxens, 
poikilitically enclosing partly serpen-








Figures 14a and 14b. Bronzite serpentine (3.101) 
from quarry in Balhamie Wood. • x 13, 
ordinary light (a) and crossed nicole (b). 
Part of a large bronzite crystal the 
cleavages of which are marked by trains 
of black ore, is seen on the left. 
Between crossed nicole the lattice struc-
ture of the aerpentinous groundmaee and 
veins of serpentine penetrating the 
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Figure 35. Dolerite of type 2 (7.97), 440 yards south 
of the smmit of Baihemie Mill. Ordinary 
light. The upper part of the right-hand 
side of the field is occupied by a large 
titan-augite crystal, ophitically inter-
grain with turbid lathe of altered feldspar. 
p. 11. 
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Figure 16. Dolerite of type 2 (T914), 1300 yards north 
of Garnaburn farmhouse • Ordinary light. 
The rock is seen to be more altered than in 
figure 15. flelict oohitie texture between 
feldspar and hornblende is clearly seen. 
Some of the feldspar has developed clear 
edges. A cone of colourless pyroxene can 
be seen near the top left margin. p. 71. 
Figure 17. Contact between dolerite of type 3 and Eas-
tern Moor type gabbro (T.44), half a mile 
north-east of Garnaburn farmhouse. z 1$ 1, 
ordinary light. The left half of the 
field is occupied by a large pyrozene of 
the gabbro. The contact Is sharp and the 
turbid laths of the feldspar are approxi-
mately aligned parallel to the contact. 
The groundaass of the dolerite consists 
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Figure 38. Olivine"dolertte of type 4 (39256), 600 
yards north of the sundt of Baihamie Hill. 
Ordinary light. The figure shows an 
olivine phenocryst, the grey colour of 
which is due to the presence of numerous 
minute inclusions. The rest of the field 
consists of fresh feldspar laths, sometimes 
marginally clear, and colourless auite. 
Pe ao. 
Figure 19. Oiivine..dolerite of type 5 (3.116) 9 600 
yards south-west of the summit of Paihemie 
Hill. Ordinary light. The field is 
chiefly oecpied by two large phenocrysts 
of partly aerpentinized olivine, surrounded 
by a eora consisting of prismatic hyper.-
thene. The grouniaea consists of pale 
brown hornblende and flakes of orange bio 
tite (not well seen). 	p. 82. 
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Figures 20* and 20b. Olivine-doisrite of type 5 
00 yards west-south-weat of the 
summit of Balhamie Hill. Ordinary- light 
(a) and crossed nicole (b). A more al-
tered variety consisting chiefly of clear 
feldspar and pale brown hornblende. The 
granular structure or the hornblende and 
some of the feldspar is clearly seen be 
tveen crossed nicole. A relict pyroxene 
Individual s, triangular in shape, is seen 









Figure 21. Hornblende .granulite of Littleton Mill 
type (3.202), 600 yards south-west of the 
summit of Littleton Mill. Ordinary light. 
The rock consists of a granular aggregate 
of feldspar and greenish-brown hornblende 
together with accessory black ore. p. 85. 
Figure 229 Foliated hornblende-'granulite of Littleton 
Mill type (3.203) 0 800 yards south-west of 
the cummit of Littleton Hill. Ordinary 
light. The field is occupied by a large 
unbtratned ptienocryst of olivine, marginally 
altered to a pale yellowish-green mineral, 
probably an amphibole. Surrounding the  
olivine 18 a band consinting of an aggregate 
of blobs of black ore and minute tnidenti-







Figure No Hornblende-grsnulite of Littleton Hill type 
(J.208), 480 yards south -"west of tt summit 
of Littleton Hill. Or& nary light. A 
less granular variety showing numerous 
laths of feldspar with faintly turbid cores 
and clear margins. Pale brown hrnb lends 
is the chief oolured mineral. It 1. 
associated with occasional flakes of bio' 
Ute, sean at the base of the field. 
Pe 85. 
Figure 23*. The same field with nicole crossed, to 
bring out the granular structure. 






1gure 24. ffornblende-'gmnulite of Littleton Hill 
type (J.215), 90 yards south of the suadt 
of tittleton Hill. z 13, nioola crossed. 
! large distorted feldspar penocry8t is 
seen in a fine-grained granular -roundmass 
of feldspar, brown hornblende and black 
ax'e. 	p. 95. 
Figure 25. Foliated hornblende-granulite of Littleton 
Hill type (3.215), 90 yards south of the  
summit of Littleton Hill. x 13, ordinary 
l2pht. The field illustrated consists 
essentially of grains of albite and brown 
hornblende distributed in varying propor-
tions and aises in irregular bands and 
streaks which impart a distinct foliation 
to the rock. The vein crossing the field 
In composed of analoite. p. 940 
F 
F 
Figure 26. Foliated hornblende-granulite of Littleton 
Hill type (3.204), 880 yards south-west of 
the summit of Littleton Hill. Ordinary 
light. Turbid granular feldspar and brown 
hornblende are agvregated in indistinct 
streaks imparting a foliated appearance to 
the rock. p. 900 
Figure 27. Hornblende-schist (3.120), 880 yards south-
last of the summit of Littleton Hill. 
Ordinary light. The rock consists of 
granular albite and granular or aubhedral 
hornblende. The schistosity is due to 
the parallel development of flakes of red-
brown biotite clearly seen in the upper 
part of the field. p. 920 
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Figure 28. Hornblende-piorite (T.47), 3200 yards 
north-east of Garnaburn farmhouse. 
Ordinary light. The field shown con-
sists largely of subbedral hornblende and 
a light grey irregular lath of feldspar 
which is seen, between crossed nicols, 
to be internally granular. p. 87. 
Figure 29. Hornblende-granulite of type A (T.45) 0  
880 yards north-east of Garnaburn farm-
house. Ordinary light. A large pheno-
cryst of labradorite, slightly turbid, 
occupied much of the field and is seen to 
be clear and granular in places. In 
the centre a small chlorite crystal can 
be seen. Above and below the phenocryst 
granular feldspar and subhedral hornblende 








Figures 50a and 30b. Hornblende-granulite or type B 
(7.178), 300 yards south-west of the sum-
mit of Baihamie Mill. Ordinary light 
(a) and crossed nicole (b). The rock 
is similar to that shown in figure 29, 
with the exception that the feldspar is 
largely replaced by seolitic aggregates 











Figure 31. Ilornblende-granulite of type C (5.19), 
800 yards north-west of Garnaburn farm- 
house. Ordinary light. The field shows 
small irregular slightly turbid feldspar 
laths in a matrix of clear, apparently 
granular, a]bite, green hornblende and 
associated black ore. pp.  101-102. 
Figure 32. Hornblende-granulite of type C (J.312B), 
1200 yards north of Oarnaburn farmhouse. 
Ordinary light. A slightly coarser 
variety than that of figure 31. p.  1040 
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Figure 33. Albite".yenits (8.2), from a knoll 300 yards 
north of quarr at Garnaburn Bridge. Ordi-
nary light. 	ihe rock consists of faintly 
turbid albite and strongly pleochroio red-
brown biotite, containing numerous prismatic 
grains of apatite. 	p. 74. 






Figure 34. Part of albite-granite vein in hornblende-
granulite of type C (3.312) 0 1200 yards 
north of Garnahurn farmhouse. Nicole 
crossed. The field show. albite (pale 
grey) intergrown with unidentifiable tur-
bid feldspar (dark grey and black). No 
quarts is visible in the field illustrated. 
p. 76. 
Figure 35. Part of aibite-.syenite vein in hornblende-
granulite of type C (8.14), bait a mile 
north-west of Garnaburn farmhouse. x 13, 
nicole crossed. The photograph shows a 
large distorted individual of albite. 
Adjacent granular albite is well seen on 
the left of the field. 	p. 75. 
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Figure 36. Pyroxene-granulite of type 1 (T.49), 880 
yards north-east of Garnaburn farmhouse. 
Ordinary light. A large feldspar lath 
with turbid patches and crenulate margins 
Is seen in a groundinass consisting of 
clear granular feldspar and pyroxene. 
Pale brown hornblende (darker grey in the 
photograph) occurs rarely. In the south-
east quadrant of the field part of an 
olivine crystal with a granular margin is 
seen. 	p. 106. 
Figure 36a. The seine field with nicole crossed. 
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Figure 37. Pyrone"granulite of type 2 (395), 400 
Yards north of Gernaburn farmhouse. Ordi-
nary light* The field In wholly granular 
and eonsints of turbid feldspar (grey) and 
proxsne (light grey) • Brown hornblende 
(dark grey) is of rare occurrence. The 
small black specks consist of black ore. 
The larger black patches reoresent opaque 
clay-like material, probably alteration 
products of feldapers. p. 108-1090 
Figure 58. Garnaburn type gabbro (3.70), fran quarry 
at Oarnaburn Bridge. x 13, ordinary light. 
The field shows pert of the mylonitized 
rock, which consists of small pyroxene and 
feldspar fragments (tell seen on the right-
hand side of the field) in an apparently 
isotropic matrix. The larger white patch 
near the middle is a larçer fragment of 
feldspar not unlike the augen' seen in 
certain gneisses. p. 1349 
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Figures 39a and 39b. Salachan type gabbro (3.65), 
500 yards south-east of the summit of 
Salaclian Hill. Ordinary light (a) and 
crossed nicole (b). The right-hand aide 
of the field in occupied by a large seus-
suritized individual of feldspar, and a 
smaller lath (well seen in figure 39b) 
is developed at right angles to it. The 
upper part of the field consists of a 
uralitic aggregate. The bottom left 
corner is occupied by a crystal of 
augite which in marginally altered to 
greenish-brown horntnde (extinguished 
In figure 39b) which Is in turn altered 















Figure 40. Deafetone type gabbro (8910), 600 yards 
south-east of the summit of Ealhamie Hill. 
x 13, ordinary light. The photograph 
shows part of a large distorted crystal 
of brown hornblende and its associated 
magnetite. The feldspar on the left is 
seen, between crossed nicols, to be 
coarsely granular. P. 136. 
Figure 41. Deaf stone type gsbbro (J.20), 250 yards 
east of the summit of C].aughanton Hill. 
z 13, ordinary light. The field shows a 
large augite crystal, altered marginally 
to brown hornblende (top left). The 
hornblende is in turn altered to orange-
red biotite (top right). Black ore is 
seen associated with the hornblende. 
The white crystal seen near the top of 
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Fiires 42* and 42b. Deafatone type gabbro (3.23), 250 
yards east of the summit of Claughanton Hill. 
x 13, ordinary light (a) and crossed nicol. 
(b). In the lower part of the field clear 
granular feldspar is seen adjacent to a 
large unstressed crystal of brown hornblende. 
The hcrublende is an alteration product of 
augite (top right) and is in turn altered to 
red-brown biotite (middle; slightly lighter 
grey). The colourless patch on the left 
margin of 42* (black in 42b) represents a 









Fiare 43, Eastern Moor, type gabbro (T.44), half a 
mile northeast of Gernaburn farmhouse. 
x 13, ordinary light. The field shows 
three large feldspar lathe s with clear 
margins, ophiticaUy intergrown with 
brown hcrnb].enda. pp. 138-1399 
Figure 44. Foliated b.ornblende-granulite (J .37), 600 
yarde east-north-east of the summit of 
Baihamie Hill. x 13, ordinary light. 
The photograph shows two large phenoorysts 
of turbid labradorite, one of which is 
altered marginally to clear granular albite. 
The rest of the field consists of enmil, 
brownish-green, granular or subhodral horn-
blende. The black patches OOfl$iBt of 








Figures 45. 	 Foliated tiornblende-granulite 600 yax'da east-sou 	at of the 
summit of Baihemie Hill. Ordinary light 
(a) and crossed nicols (b). The  colour - 
lose isotropic mineral is enaloite which 
has replaced feldapsr. The dark coloured 
mineral is brownish-green hornblende. 
The parallel elongation of the aggregates 
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Figure 48. Part of a fragment from albite..granite brec-
eta (K.8), 350 yards south-south-east of 
the summit of Craig Hill. Nicole crossed, 
The black material near the middle of the 
field and at the base is epidote which in 
eludes small irregular albite patches 
(dark grey) some of which are optically 
continuous with the feldspar adjacent to 
the margin, of the epidote. The wispy 
nature of the albite lathe Is clearly 
shown. The mineral appearing light grey 
in colour is quartz. pp. 152-153. 
Figure 47. Part of a fragment from albite-granite 
breccia (lt.lO), 350 yards south-south-east 
of the summit of Craig lftll. Nicole 
crossed. The photograph shows a large 
quartz patch poikilitical].y enclosing 





Figures 48s, and 48b. Part of a fragment from albite. 
granite breccia (K.9) 0 350 yards south-
south-east of the summit of Craig Hill. 
Ordinary light (a) and crossed nicole (b). 
In the upper photograph a replacement 
vein and stringers of qurte are seen 
traversing an area of m3.ekitical1y 
tnt ergrown quarts and albite, Between 
crossed nicole the quarts of the vein is 
seen to be optically continuous with that 
of the intsrgrowth. p.  155. 
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Figure 49. Albite-granite brecois (1.9), 350 yards south-
ao*th-east of the summit of Craig Hill. 
Ordinary light. The figure shows two quartz 
veins traversing fragments of various sizes 
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